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ABSTRACT
Fabrication of Advanced Materials for Chromatography, Sample Preparation, and Separations,
and Accompanying Material Characterization
Dhananjay I. Patel
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
My dissertation primarily focuses on the fabrication of materials for solid phase
microextraction (SPME) and separation devices. In my first project, I used direct current
magnetron sputtering (DCMS) to prepare sputtered silicon coatings on fused silica fibers. These
fibers were then subjected to the chemical vapor deposition of 6-phenyhexylsilane (6-PH) as a
stationary phase. Six different types of fibers were made using two different throw distances (4 cm
and 20 cm) and three different silicon thicknesses (0.5, 1.8, and 2.8 µm). These coatings were
characterized by time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), spectroscopic
ellipsometry (SE), and contact angle goniometry. These SPME fibers were evaluated using gas
chromatography (GC). The extraction efficiencies of sputtered, 6-PH-coated fibers were compared
to that of a commercial fiber (7 µm PDMS) for polycyclic aromatic hydrocarbons (PAHs). Our
2.8 µm thick sputtered silicon coatings showed competitive extraction of low molecular weight
PAHs and ca. 3 times the extraction efficiency for higher molecular weight PAHs. In addition, it
outperformed the commercial fiber by showing better linearity, repeatability, and detection limits.
A method for analyzing polyaromatic hydrocarbons in baby formula was developed, which
showed very good linearity (0.5-125 ppb), repeatability (2-26%), detection limits (0.12-0.81 ppb),
and recoveries (103-135%).
In my second project, I focused on preparing sputtered carbon SPME fibers using DCMS
sputtering. These fibers were tested with and without PDMS coatings on top by SPME-GC-MS.
In addition, a new SPME evaluation mix was developed for testing the newly developed SPME
fibers. The evaluation mix included analytes with diverse functionalities and properties. Our best
carbon fiber showed very competitive extraction capabilities on a per volume basis when compared
with a commercial 95 µm carbon-based fiber.
In a third project, I built an ALD system to deposit thin films inside GC capillary columns.
This system has a unique design that also allows for ALD on witness silicon samples before and
after the capillary column. This system yields very promising results with ALD of alumina inside
5 and 12 m long capillary columns. The ALD coatings deposited inside the columns were
characterized by transmission electron microscopy (TEM) and energy dispersive X-ray analysis
(EDX). The thicknesses of the coatings on witness shards were almost identical to the thicknesses
of the coatings in the capillaries.
My fourth project focused on characterizing a liquid polymer (diphenyl siloxane dimethyl
siloxane (DPS-DMS)) via SE. This material was a potential stationary phase for our SPME fibers.
Transmission measurements were obtained via a dual cuvette approach that eliminated the effects
of the cuvettes and their interfaces. The optical function of this material was modeled with a
Sellmeier function in its transparent region.
Keywords: SPME, sputtered coatings, 6-phenylhexylsilane, ALD, DCMS, SE, XPS, ToF-SIMS,
TEM
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CHAPTER 1: Introduction to Sample Preparation, Sputtering, Atomic layer Deposition, and
Surface Characterization of Materials

1.1 Introduction
Thin film deposition is based on significant surface science concepts that include a wide
variety of technologies. These thin film deposition processes include physical vapor deposition
(PVD), chemical vapor deposition (CVD), atomic layer deposition (ALD), thermal evaporation,
electroplating, pulsed laser deposition, spin coating, sol-gel processes, the liquid phase deposition
processes employed to make self-assembled monolayers (SAM), and liquid-based layer-by-layer
depositions (LBL).1, 2 The characterization of a material is a critical part its development. The
chemical and physical properties of materials are evaluated and confirmed using a variety of
different material characterization techniques. Typically, the surface characterization of a material
involves probing its top few nanometers. Significant advances have taken place recently in the
instrumentation used for surface and material characterization, including improvements in the
speed of analysis, resolution, automation, and data analysis.3
The Linford group at BYU works in three areas: fabrication of new materials, material
characterization, and data science (analysis of the data produced in material characterization).
These skills have allowed us to fabricate and understand materials for sample preparation devices,
separation science,4

data storage,5 and for applications that require various thin films and

coatings.6 Our group employs analytical tools such as X-ray photoelectron spectroscopy (XPS),
spectroscopic ellipsometry (SE), water contact angle (WCA) goniometry, low energy ion
scattering (LEIS), scanning electron microscopy (SEM), Raman spectroscopy, atomic force
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microscopy (AFM), time-of-flight secondary ion mass spectrometry (ToF-SIMS), and
transmission electron microscopy (TEM) to thoroughly characterize different materials.
For my dissertation, I have worked on four projects in which I have developed and
characterized surfaces and materials for various applications. These projects include (i) fabrication
of sputtered thin films for solid phase microextraction (SPME) – both silicon and carbon based,
(ii) development of an atomic layer deposition apparatus for thin film deposition in non-traditional
samples, i.e., capillaries, and (iii) characterization of liquid polymer by spectroscopic ellipsometry
(SE). The fabrication of thin films by physical vapor deposition and atomic layer deposition, and
their multi-instrument characterization are the central points of this dissertation. In the remainder
of this Introduction, I will discuss SPME, sputtering, silane deposition, and atomic layer
deposition. This will be followed by a discussion of the spectroscopic ellipsometry characterization
of materials.

1.2 Sputtered Thin Films for Sample Preparation
1.2.1 Sample Preparation
Sample preparation is a combination of both analyte extraction from a matrix and
enrichment of target compounds. The process of determining the analytes in a sample includes
sampling, sample separation, quantitation, statistics, and evaluation (see Figure 1.1). There have
been significant advancements in this area for the analysis of organic compounds.
Chromatographers and engineers have developed table-top analytical devices, often coupled
together as hyphenated techniques, for the rapid and thorough analysis of samples. However,
sampling and sample preparation are still tedious processes that are often difficult to hyphenate.
Indeed, sampling and sample preparation often take more than 75% of the time in an analysis.7
2

The sampling step includes identifying appropriate samples and the choice of an extraction method
for the samples. Target analytes are concentrated and cleaned up by isolation/extraction procedures
from a matrix during preconcentration by, for example, solid phase extraction (SPE) or solid phase
microextraction (SPME). Preconcentrated samples are separated into their constituents by
chromatographic methods, e.g., gas chromatography (GC) and liquid chromatography (LC).
Qualitative and quantitative analyses of the sample components are performed from the
chromatographic data. A qualitative analysis help identify the analytes in a sample, while
quantitative analysis provides the concentrations of target analytes in the sample matrix. In an
analytical investigation, the speed of the process is typically governed/limited by the slowest step
in it. Recent advances in analytical instrumentation, including a greater degree of automation, have
increased the throughput of processes. Nevertheless, as just noted, sample preparation still
consumes ca. 75% of the time of an analysis.7 Clearly, higher speeds and more efficient sample
preparation can significantly reduce analysis times.
1.2.2 Extraction Methods
As explained by Pawliszyn,8 extraction methods are classified into three different types
based on the equilibrium in them: (i) flow-through equilibrium, (ii) batch equilibrium, and (iii)
steady state. These three techniques are often then subdivided into exhaustive and non-exhaustive
types (see Figure 1.2). In exhaustive extraction, large volumes of solvent are used to extract target
analytes from sample matrices. Often, exhaustive batch equilibrium methods, e.g., liquid-liquid
extraction (LLE), are slow. Additionally, multistep processes may lead to analyte loss and
degradation. Manual error may compound these problems. Hazardous chlorinated solvents may be
required to extract some analytes from a matrix.9 A large amount of solvent can be passed through
a bed of particles or a packed column to trap analytes, followed by preconcentration of the analytes
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into a small amount of a different solvent. Thus, flow-through extraction processes, e.g., sorbent
bed, SPE, SFE etc., are used to reduce the amount of solvent and time required for a process.8
Alternatively, non-exhaustive batch equilibrium methods such as solvent microextraction or
SPME are used.10
1.2.3 Solid Phase Microextraction (SPME)
Arthur and Pawliszyn first introduced the technique of solid-phase microextraction
(SPME) in 1990.11 In its headspace mode, SPME is a fast, solvent-less extraction technique used
for volatile and semi-volatile compounds. In its direct immersion mode, SPME can be used to
sample both volatile and non-volatile compounds. SPME includes sampling, isolation, and
preconcentration of analytes in a single step. This integrated process reduces sampling time.
Additionally, it only requires a very small volume (few milliliters) of a sample for a complete
analysis. SPME uses different sorbent phases, e.g., PDMS, polyacrylate, carbowax DVB, etc., for
extraction of analytes. Extraction of analytes into/on these sorbent phases is based on absorption
and adsorption. If these sorbent phases are made up of liquid polymers like polydimethylsiloxane
(PDMS) or polyacrylate (PA), they are called liquid bonded phases. These liquid polymers have
low Tg values (glass transition temperatures), which favors movement of analytes through the
polymers at room temperature. These low Tg values then facilitate higher temperature desorption
of the analytes into an analytical device. Thus, absorption is the predominant extraction mechanism
for these phases, which is a non-competitive process that generates a linear relationship between
concentration and absorption. However, this approach takes longer to establish equilibrium
between the extraction phase and the sample solution.12 Solid bonded phases, e.g., PDMSdivinylbenzene (DVB) or carboxane (CAR-PDMS), extract analytes by adsorption, which is faster
than the previous method. Here, analyte extraction is competitive and nonlinear with
4

concentration, which increases with the increasing surface area of coatings. Thus, solid bonded
phases are preferred for the extraction of higher molecular weight compounds.
SPME with a liquid phase is a non-exhaustive extraction process driven by the attainment
of equilibrium between the analytes in their matrix and a sorbent coating on the fiber. Usually,
SPME fibers are placed into the sample matrix for a moderately long time. Thus, this process is
independent of sample agitation/convection. Once equilibrium is achieved, the liquid sorbent
phase will no longer extract analytes. In contrast, solid, adsorption-based phases show competitive
extraction based on displacement of low affinity analytes with higher affinity ones. In this case,
the extraction process is terminated according to the requirements of the experiment. That is, this
extraction method is based more on kinetics than equilibrium. Accordingly, adsorption-based
SPME is affected by agitation and convection.
Currently, SPME is utilized in open bed and in-tube formats. Open bed methods include
coated fibers, agitation discs, particles, vessels, stir bars, and meshes. In-tube SPME includes the
coated inner walls of a capillary. Among these possibilities, coated fibers are preferred and widely
used.
1.2.4 Modes of SPME
SPME is generally performed in one of three basic modes, as follows:
(i)

Direct immersion (DI), where the fiber is placed in the sample matrix (usually a

liquid) for a predetermined amount of time. The analytes are directly extracted from the sample
matrix to the sorbent phase. In some cases, convection and agitation are used to facilitate the
transfer of analytes to the stationary phase.10
(ii)

Headspace extraction (HS), where the fiber is placed in the headspace of a sample

vial. Volatile and high vapor pressure analytes from the matrix partition into the headspace above
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the matrix and are subsequently extracted by the fiber coating. HS-SPME is preferred when sample
solutions are dirty or acidic/basic. HS-SPME improves the lifespan of a fiber compared to DI
mode.13, 14
(iii)

Membrane assisted extraction, where the SPME fiber is covered by a membrane

that prevents transfer of high molecular weight compounds and matrix materials, e.g., proteins,
humic acids, and fats, to avoid saturation/fouling of fiber coatings. This mode is generally
employed for biological and soil analyses.13
1.2.5 Theory of SPME
The Pawliszyn group has extensively studied the theory of SPME for different SPME
modes and devices.15-17 This section is a summary of their analysis. These theories are based on
analyte extraction by an SPME fiber with a thin sorbent coating from a sample for a specified
amount of time. This process generally involves partitioning of analytes from a sample matrix to
a fiber coating until equilibrium is established. Usually, this partitioning process involves very
long extraction times to attain equilibrium. The amount of analyte extracted at equilibrium by the
extraction phase is given as follows:

𝑛𝑛 =

𝐶𝐶𝑜𝑜 𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑠𝑠 𝑉𝑉𝑓𝑓
𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓 +𝑉𝑉𝑠𝑠

(1.1)

where 𝐶𝐶𝑜𝑜 is the initial concentration of the analyte in the sample matrix, 𝑉𝑉𝑓𝑓 and 𝑉𝑉𝑠𝑠 are the volumes

of the fiber coating and the sample matrix, respectively, and 𝐾𝐾𝑓𝑓𝑓𝑓 is the distribution coefficient of
the analyte between the fiber coating and the sample matrix.

If the volume of the sample matrix (𝑉𝑉𝑠𝑠 ) is very large, i.e., 𝑉𝑉𝑠𝑠 ≫ 𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓 , then Eq. (1.1) can be

rewritten as follows:

𝑛𝑛 = 𝐶𝐶𝑜𝑜 𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓
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(1.2)

The amount of analyte extracted depends on the concentration of the analyte in the sample
matrix rather than Vs. Thus, SPME can be an effective sampling technique for the analysis of
biological and environmental air/water samples. Equations 1.1 and 1.2 describe a two-phase
system for DI-SPME. Headspace extraction involves three phases: the sample matrix, the vapor
above the sample, and the SPME stationary phase. In headspace extraction, analytes first partition
into the headspace from the sample matrix, and then into the SPME stationary phase. The amount
of analyte extracted by the fiber in this three phase system is given by the following equation:

𝑛𝑛 =

𝐾𝐾𝑓𝑓ℎ 𝐾𝐾ℎ𝑠𝑠 𝑉𝑉𝑓𝑓 𝐶𝐶𝑜𝑜 𝑉𝑉𝑠𝑠

𝐾𝐾𝑓𝑓ℎ 𝐾𝐾ℎ 𝑠𝑠 𝑉𝑉𝑓𝑓 +𝐾𝐾ℎ𝑠𝑠 𝑉𝑉ℎ +𝑉𝑉𝑠𝑠

(1.3)

where 𝐶𝐶𝑜𝑜 is the initial concentration of the analyte in the sample matrix, 𝑉𝑉𝑓𝑓 , 𝑉𝑉𝑠𝑠 , and 𝑉𝑉ℎ are the

volumes of the fiber coating, the sample matrix, and the headspace respectively, and 𝐾𝐾𝑓𝑓ℎ is the

distribution coefficient of the analyte between the fiber coating and the headspace. 𝐾𝐾ℎ𝑠𝑠 is the

distribution coefficient of the analyte between the sample matrix and the headspace. The
relationship between these equilibrium constants is as follows:
𝐾𝐾𝑓𝑓𝑓𝑓 = 𝐾𝐾𝑓𝑓ℎ 𝐾𝐾ℎ𝑠𝑠 .

(1.4)

Thus, Equations 1.3 and 1.4 can be merged as follows:

𝑛𝑛 =

𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓 𝐶𝐶𝑜𝑜 𝑉𝑉𝑠𝑠

𝐾𝐾𝑓𝑓𝑓𝑓 𝑉𝑉𝑓𝑓 +𝐾𝐾ℎ𝑠𝑠 𝑉𝑉ℎ +𝑉𝑉𝑠𝑠

.

(1.5)

Equation 1.5 suggests that if the volume of the fiber coatings, sample, and headspace are
constant, the amount of analyte extracted is also constant, irrespective of the mode (DI or HS).
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The equations above hold for liquid polymeric phases (fiber coatings) such as PDMS and
PA. This theory can also be used for solid sorbent phases such as CW-DVB at lower analyte
concentrations since adsorption processes become competitive at higher concentrations.
In their work/analysis, Pawliszyn’s group demonstrated the extraction of analytes by solid
sorbent phases (PDMS-DVB and CW-DVB) using Langmuir isotherms, based on the following
assumptions for the Langmuir model:18
(i)

The adsorbing analyte molecule is immobile on the surface of the porous coating.

(ii)

The “one-on-one” rule applies, i.e., only one molecule can occupy an adsorption

site, such that a monolayer of analyte on the surface is the maximum amount of adsorption
possible.
(iii)

All adsorption sites are equal, i.e., there are no preferred sites.

(iv)

Analytes adsorbed onto adjacent sites do not interact with each other.

Based on this model, the amount of analyte adsorbed on a fiber coating at equilibrium is described
as follows:

𝑛𝑛 =

∞
𝐾𝐾𝐴𝐴 𝐶𝐶𝑜𝑜𝑜𝑜 𝑉𝑉𝑠𝑠 𝑉𝑉𝑓𝑓 (𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 −𝐶𝐶𝑓𝑓𝑓𝑓
)
∞)
𝑉𝑉𝑠𝑠 +𝐾𝐾𝐴𝐴 𝑉𝑉𝑓𝑓 (𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 −𝐶𝐶𝑓𝑓𝑓𝑓

,

(1.6)

where n is the amount of analyte, 𝐶𝐶𝑜𝑜𝑜𝑜 is the initial concentration of the analyte in the sample matrix,
∞
𝐶𝐶𝑓𝑓𝑓𝑓
is the equilibrium analyte concentration on the solid sorbent phase, 𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 refers to the

maximum concentration of adsorption sites on the sorbent surface, 𝐾𝐾𝐴𝐴 is the adsorption equilibrium

constant, and 𝑉𝑉𝑠𝑠 and 𝑉𝑉𝑓𝑓 are the volumes of sample matrix and sorbent phase, respectively. The

∞
equilibrium concentration of the analyte on the fiber coating (𝐶𝐶𝑓𝑓𝑓𝑓
) can then be defined as follows:

𝑛𝑛 =

∞
𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐾𝐾𝐴𝐴 𝐶𝐶𝑠𝑠𝑠𝑠
∞
1+𝐾𝐾𝐴𝐴 𝐶𝐶𝑠𝑠𝑠𝑠
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,

(1.7)

∞
∞
where 𝐶𝐶𝑠𝑠𝑠𝑠
is the equilibrium concentration of the analyte in the sample matrix, and 𝐶𝐶𝑓𝑓𝑓𝑓
is always
∞
a non-linear function of analyte concentration in the sample matrix (𝐶𝐶𝑠𝑠𝑠𝑠
) at equilibrium.

1.2.6 Commercial SPME Fibers: Applications and Drawbacks

Chromatographers have explored various applications of commercially available SPME
fibers. They have successfully used them for a wide range of samples that include food,19-21
biologicals,22, 23 drugs,24, 25 environmental materials,26, 27 indoor air,28, 29 samples of volatile and
nonvolatile organic compounds,29,

30

benzene derivatives,31 pesticides,32,

33

herbicides,26,

34

insecticides,35 fatty acids,36, 37 polycyclic aromatic hydrocarbons (PAHs),38 prohibited substances,
e.g., cannabinoids,39,

40

phenols,41 and organometallic species.42,

43

However, commercially

available SPME fibers suffer from various drawbacks. For examples, many are fragile, have a low
range of operating temperatures, swell in organic solvents, lack selectivity (inability to analyze a
wide range of compounds), lack of adherence between the fiber and coating, exhibit high carryover and phase bleed, and have relatively short life spans (only 50-100 analyses).44, 45 The thermal
instability and swelling of these fibers in organic phases limit their use chromatography. Many of
these drawbacks can be attributed to the use of fragile silica fiber supports, thick organic coatings,
and a lack of adhesion between the coatings and support.
The drawbacks of commercial SPME fibers have sparked researchers to come up with
novel fibers to rectify their problems. For example, scientists have developed fibers from
functionalized silica,46-48 carbon nanomaterials,4,

49, 50

metals,48,

51

SnO2 nanorods,52 ZrO2

nanoparticles,53 TiO2,54 ZnO nanorods,55 Al2O3,56 PbO2,57 gold nanoparticles,58 graphene,59 carbon
based materials,60, 61 polymeric ionic liquids,62, 63 conducting polymers,64 and covalent organic
frameworks.65 Solid bonded phases have also attracted attention due to their high thermal and
mechanical stability, higher extraction efficiency, fast analysis capability, high sensitivity, and
9

longer life spans.66, 67 A few research groups have made fibers from nanoporous materials, e.g.,
MCM (Mobil Composition of Matter)-41, 48, and 50 and SBA (Santa Barbara Amorphous) 3 and
15, which provide high surface area.68, 69 Other nanomaterials such as CMK-1,70 CMK-3,71 LUS1,72 and MIL-101(Cr)NH2-polyacrylonitrile73 have also been explored. However, none of these
coatings has been commercialized. In many cases, their preparation is long, tedious, and/or not
easily scaled up, e.g., a certain literature sol-gel procedure takes more than 24 h.74
The following are properties of an ideal SPME coating:
(i)

High porosity

(ii)

Optimally thin for improved mass transfer of analytes

(iii)

High mechanical strength

(iv)

High thermal stability

(v)

Strong adhesion to the fiber support

(vi)

High solvent compatibility

(vii)

Good selectivity

(viii) Easy manufacturing
As described in this work, the above mentioned properties can be achieved with coatings
prepared by sputtering, which is a physical vapor deposition (PVD) technique. The semiconductor
industries rely on sputtering to deposit many thin metal and dielectric films. Our research group is
the first to explore sputtering as a method for depositing SPME coatings.
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1.3 Overview of Sputtering
Physical vapor deposition (PVD) has been practiced for more than a century now. Plasmaassisted PVD, e.g., sputtering, is the most widely used technique for thin film depostition.75
Sputtering can produce very thin or even relatively thick layers/films of a wide variety of materials
on substrates. Sputtering is relatively inexpensive, industrially friendly, robust, and can be
precisely controlled.76, 77 Sputtered coatings are often homogeneous, and may have advanced
properties, precise morphologies, and/or tailored structures.78-80 Sputtering involves plasmaassisted ejection of atoms from solids, often elemental surfaces (targets). Plasma ions may be
generated with high-voltage DC magnetron or pulsed power supplies, which bombard the surfaces
of targets and cause the ejection of atoms with high kinetic energies (see Figure 1.3). The high
kinetic energies of sputtered species generally leads to very good adhesion between sputtered films
and substrates.81, 82 To date, sputtering has been used to produce optical coatings, anti-diffusion
barriers, primary conductors, dielectric layers, thin films in the production of optical discs, and
layers for etching and cleaning surfaces.5, 47, 83, 84 Other less expensive PVD processes, such as
thermal and electron beam evaporation, are more popular in academia. However, these techniques
suffer from low deposition rates, directionality (sputtering is also a directional technique), and
significant changes in the vapor pressures of target materials with temperature, which makes these
processes more difficult to control. Thus, sputtering is a robust, widely-used, and controlled way
to produce thin films.
Currently, magnetron sputtering is the process of choice for thin film deposition by PVD.
Compared to normal DC sputtering, magnetron sputtering addressed the issues of slow deposition,
substrate heating, and limited ionization of the target material.85-87 In magnetron sputtering, targets
are placed above magnets to trap electrons near the surface of the target. This design significantly
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increases the ionization efficiency of the inert gas to produce a high density plasma. Additionally,
plasmas can be produced at very low pressure, which can yield high porosity and impurity free
coatings.87 Direct current magnetron sputtering (DCMS), radio frequency (RF) magnetron
sputtering, and high-power impulse magnetron sputtering (HiPIMS) are common variants of this
method, which are frequently used.
1.3.1 Principles of Sputtering, including DCMS
Sputtered thin films are deposited on substrates from vapors of atoms produced by colliding
other atoms with targets. These collisions involve transferring momentum and energy from gas
phase atoms into the target material, and ultimately into the sputtered material. The momentum of
the target atoms is outward, where it overcomes the binding potential of the target material such
that the sputtered material enters the gas phase. The sputtering yield is the average number of
ejected atoms per atom that strikes the target. Sigmund et al.88 modeled the sputtering yield using
classical collision theory. When the energy of a colliding ion is much greater than the binding
potential of the target, the sputtering yield can be described as follows:
𝑀𝑀

𝑌𝑌(𝐸𝐸) = 0.042 𝛼𝛼( 𝑀𝑀𝑇𝑇 )
𝐼𝐼

𝑆𝑆𝑛𝑛 (𝐸𝐸)

,

𝑈𝑈

(1.8)

where α(MT/MI) is a correction function to account for deviation from simple single event hard
sphere collision behavior, Sn(E) is the nuclear stopping power of the target, and U is the surface
binding potential of the target atoms.
The following equation can be used to calculate the sputter rate, 𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , using the

sputtering yield. The sputter rate also provides information about the target material.89
𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑌𝑌(𝐸𝐸)𝐽𝐽𝑖𝑖

𝑞𝑞𝑒𝑒 𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
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,

(1.9)

Where Y(E) is the sputtering yield, Ji is the ion current density at the target surface, ntarget is the
atomic density of the target, and qe is the charge of the electron.
In DCMS, the cathode is kept at a constant negative potential and positive ions are
generated in the plasma. These positive ions are accelerated towards the cathode, resulting in the
ejection of target atoms into the gas phase away from the target. DCMS processes are often
performed with argon gas. The working pressure of this gas ranges from 1 - 15 x 10-3 Torr. Cathode
voltages range from 300 - 700 V, while the magnetic field strengths can vary between 2 - 6 x 10-2
Tesla depending on the system and processes.89, 90 The electron density in a DCMS discharge
ranges from 1015 - 1017 m-3 for an ionization mean free path of ca. 50 cm.91, 92 The degree of
ionization is often of the of order of 5% or less.93
The electric and magnetic fields from the voltage on the target and the magnets in a
magnetron sputtering system perturb the paths of discharged electrons, i.e., electrons ejected from
the target. For the most part, the electrons are trapped in the region just above the target, which is
often called the “ionization region”. When these electrons reach the edge of the cathode, they are
reflected back into the ionization region due to an arched magnetic field. Thus, the electrons move
circularly with a cyclotron angular frequency in the absence of an electric field, as follows:89
𝑒𝑒𝑒𝑒

𝜔𝜔𝑐𝑐𝑐𝑐 = 𝑚𝑚 ,
𝑒𝑒

(1.10)

where, 𝜔𝜔𝑐𝑐𝑐𝑐 is the electron cyclotron frequency, e is the charge of the electron, B is the magnetic
field strengths, and me is the mass of the electron.

In addition to the electrons, plasma ions are trapped due to magnetic confinement, which knocks
electrons off of the atoms in a circular region, which ultimately leaves a circular pattern on the
target known as the “race-track”. The formation of this race-track limits the use of target material.
Thus, in general, DCMS sputtering only utilizes 25 - 40 % of the target material.90, 94
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1.3.2 Sputtering in SPME
Sputtering may be advantageously used to produce coatings for SPME.45, 81, 95, 96 As noted,
sputtering is industrially viable. In addition, sputtered coatings for SPME would be expected to be
robust, solvent compatible, and adhere well to their substrates. Apart from our group at BYU, there
is only one study that we are aware of that demonstrates the use of sputtered coatings in SPME. In
this work, the sputtered film functioned as an adhesion layer between a stainless steel substrate
and CNTs grown as an SPME coating.81 The sputtered film did not help to extract analytes, i.e., it
was not part of the stationary phase. Our group has demonstrated the deposition of porous,
sputtered silicon/silica stationary phases for SPME that can be functionalized with an octadecyl
silane,95 PDMS,45 and a 6-phenylhexyl silane.96 These sputtered coatings were produced on silica
fibers. These stationary phases have successfully extracted a variety of different chemical
compounds, including amines, aldehydes, alcohols, ketones, and PAHs.
Our sputtered coatings have been deposited in a PVD 75 tool from the Kurt J. Lesker Co.
This tool allows various parameters to be controlled, such as the power, pressure, throw distance,
temperature of the substrate, angle of incidence, and deposition time. These factors ultimately alter
and control the morphology of surfaces/thin films. Diwan et al, demonstrated that a change in the
pressure of the chamber plays a pivotal role in the deposition of our coatings because it controls
the number of collisions between the argon atoms in the background gas and the atoms sputtered
from the target.95 When atoms ejected from a silicon target strike a room-temperature surface, they
have very limited mobility/adatom diffusion.97,

98

The angle of incidence of the flux also

contributes to the extent to which columnar and/or porous morphologies are obtained. Indeed, in
oblique angle deposition (OAD), the vapor flux from a target is directed at a large angle of
incidence onto a substrate, which produces a shadowing effect.99,
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100

This shadowing

creates/increases film porosity by shielding parts of the film from incoming flux. Film porosity
increases as the angle of incidence of the flux becomes more oblique.101, 102
The sputtered coatings produced by our group45, 95, 96 have high surface areas, and both
cauliflower and columnar morphologies. These coatings are thin (ca. 1-3 µm) compared to
commercial PDMS coatings (7 or 100 µm). A very thin coating provides multiple advantages, e.g.,
fast adsorption and desorption of analytes, low carry-over, and minimal phase bleed. Our sputtered
fibers showed 2-3 times higher extraction capabilities for alcohols, aldehydes, alkanes, esters,
amines, and certain PAHs. They showed part per billion/trillion detection limits for some PAHs.
These studies show that well-formed, sputtered SPME stationary phases can result in higher
quality SPME than is obtained with commercial coatings. More details on the evaluation of
sputtered silicon and carbon on silica fibers for SPME are provided in Chapter 2 and 3. In addition,
Chapter 3 provides detailed information about a new SPME evaluation mix.
Apart from sputtering, atomic layer deposition (ALD) is also a very useful process for thin
film deposition. Unlike sputtering, ALD is non-directional where thin films can be easily deposited
on high aspect ratio surfaces.

1.4 Atomic Layer Deposition (ALD) 1
Suntola and co-workers first developed a method known as ‘atomic layer epitaxy (ALE)’,
which later became known as ALD. ALE was used to produce electroluminescent zinc sulfide
(ZnS) displays in the 1970s.103 In its early days, people were hesitant to use ALD because of its
low deposition rate compared to other vacuum deposition techniques. However, ALD has emerged
as an important technique for thin film deposition, especially for integrated circuits in the

1

Some of the text in this section is adapted from Chapter 4.
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semiconductor industry. Miniaturization of integrated circuits has led to production of very high
aspect ratio features, which require conformal and controlled coatings. ALD has been used to
deposit thin films on planar surfaces, high aspect ratio surfaces, and powders as well. As of 2018,
more than 1500 ALD processes had been developed and demonstrated for depositing metal oxides,
104-106

metal nitrides,107 metal sulfides,108 reduced metals,106 and other non-traditional materials.109
Thin film deposition in ALD is based on the sequential use of self-limiting reactions

between gaseous precursors and surfaces. Substrates are exposed to the gaseous precursors at low
pressure (ca. 1 Torr), followed by removal of excess reagent.110, 111 Generally, the precursors used
in ALD have high vapor pressures, which allows them to be transported due to pressure differences
between the deposition chamber and the precursor container. The mobility of these gaseous
reagents leads to saturation of substrate surfaces. Mostly, two precursors (not more) are used to
produce a thin film of interest. These precursors are allowed to react separately with substrates in
two different half reactions followed by purge steps. These steps eliminate possible parasitic CVD
reactions and create more controlled coatings.112-114 ALD deposition is driven by the favored
reaction between the precursor and surface of the substrate. The excess precursors are removed by
flow of ultra-high purity inert gas, e.g., 99.999% N2.115
The advantages of ALD include excellent thickness control at the monolayer level,
conformality, non-directionality, and pinhole free, uniform coatings.111, 114, 116 ALD has several
limitations that include slow deposition rates, and the frequent use of precursors that are
pyrophoric, e.g., trimethylaluminium and diethylzinc. The semiconductor industries have adopted
ALD for the deposition of thin films on miniaturized transistors and other microelectronic devices.
Intel first introduced ALD into its production line in 2007.114 Since then, ALD has been
significantly used by this industry.
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ALD processes can be divided into two types: (1) Thermal ALD (T-ALD) and (2) Plasma
assisted ALD (Pl-ALD). T-ALD employs reactive gaseous precursors at elevated temperatures.117119

On the other hand, Pl-ALD includes exposure of plasma generated ions and radicals to surfaces

at lower temperatures. Pl-ALD allows a wider choice of material substrates, precursors, and
processing conditions.120-122
1.4.1 ALD of Alumina and Other Materials
ALD is widely used for deposition of metal oxides like Al2O3, ZnO, HfO2, and TiO2.114,
115, 123, 124

Indeed, alumina is one of the most common and easily deposited materials in ALD. In

many cases, it is the material of choice for optimizing new systems. ALD deposition of alumina
typically employs trimethylaluminum (TMA) and water (see Figure 1.4) as the precursors, which
are readily available and have high vapor pressures. Also, the reaction between TMA and water is
thermodynamically favored due to formation of strong Al-O bonds (ΔH = -376 kcal). Importantly,
TMA and water lead to uniform and controlled film thicknesses at higher temperatures.114 These
precursors are also easy to remove from the chamber at higher temperatures. Thus, I also chose
alumina ALD as a model for testing the system I built in our lab.
Alumina ALD was first demonstrated by Soto et al.125 and also Higashi et al.126 under high
vacuum. In addition, there are reports of using ozone as a substitute for water, i.e., as a source of
oxygen.127, 128 As reactants, water and ozone lead to similar products (thin films) with TMA and
other metal precursors. However, ozone requires a separate generator. Other precursors such as
aluminum trichloride (AlCl3) and aluminum ethoxide Al(OC2H5)3 have also been used for alumina
deposition.129 Broas and co-workers demonstrated alumina deposition on silicon wafers with both
TMA and aluminum trichloride.130 However, aluminum trichloride produces hydrochloric acid as
a byproduct, which has led to its replacement by other safer, less corrosive precursors.131 There
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are reports of ALD of other metal oxides, including zinc oxide,132 titanium oxide,133 silicon
oxide,134 germanium oxide,135 and copper oxide.136 Our group has demonstrated/reported ALD of
silica on CNTs to make thin layer chromatography plates,137 ALD of alumina and zinc oxide on
zirconia particles,138 area selective ALD using salt barrier layers,139 the optical constants of ALD
alumina,140 and a tutorial paper based on XPS survey spectra of ALD alumina films.141
ALD processes have been used in the semiconductor industry for many years, where
numerous ALD reactor designs and processes have been explored. These include fluidized bed
reactors to coat particles, rotary reactors, roll-to-roll systems to continuously coat polymer sheets,
and flow through reactors.114,

138, 142

To date, ALD has not been extensively explored for

chromatography; there are a few reports of the use of ALD to prepare/modify thin layer
chromatography (TLC) plates137, 143 and semi-packed microfabricated columns,144, 145 and also to
coat LC and GC components.146 I will now briefly discuss atmospheric pressure ALD (AP-ALD)
reactors since one of the objectives of my work was to build an AP-ALD reactor for ALD in
capillary columns.
1.4.2 Atmospheric Pressure ALD (AP-ALD)
Most ALD processes are performed at low pressures, which allows reactants and products
to quickly move through a deposition chamber. Low pressures result in longer mean free paths,
which helps maintain a clean environment in the reactor. Early ALD work includes reports of APALD of different materials.142, 147-155 For the most part, precursors were delivered using inert gases
at atmospheric pressure. Other designs included mechanisms for passing the substrate back and
forth between different chambers, which contained different ALD precursors (spatial ALD). Using
these designs, ALD of ZnO(N),155 ZnS,156 ZnO,152-154 GaAs,157 HfO2,150, 151 and ZrO2148, 149 were
demonstrated. Yoshii et al.148 demonstrated ALD of ZrO2 in a flow tube reactor that included three
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different flow zones for ZrCl4 vapor, O2, and inert gas. The substrate was exposed and cleaned
sequentially in these zones to yield the desired film. Levy et al.152 demonstrated ZnO deposition
at low temperature using printer heads to deliver the precursors and inert gas. Again, the substrate
was moved back and forth between the delivery zones.
AP-ALD reactors and processes have their own set of challenges for achieving the desired
thicknesses and properties of thin films. These challenges include delivery of the precursors to the
substrates, the effects of the pressure on ALD surface reactions, the effects of design parameters
(chamber/zone geometry), gas flow rates, the chemistry of the reactants, the purge times of inert
gases, and the lower gas diffusion constants at higher pressures.114, 142, 147 Parsons and coworkers142,
147, 158

extensively studied the effects of ALD deposition parameters, such as temperature, gas flow

rates, and pressures in flow tube reactors. They developed a flow tube reactor that was 60 cm long
with a diameter of 3.8 cm. This reactor was attached to hold cells, which delivered the precursors
with an inert gas. The main advantage of this reactor was that the pressure could be maintained
from 2 - 760 Torr. They extensively studied the effects of pressure and gas flow rates on the
diffusion of the reactant molecules at the surface of the substrate at different temperatures. They
were able to achieve ideal growth for Al2O3 of ca. 1.2 nm/cycle and also reported that the growth
rate may be greater at higher pressures due to decreased diffusion coefficients of the gases. I will
also discuss the issues faced during the building of my AP-ALD tool in Chapter 4.
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1.5 Material Characterization
Material characterization is arguably the most important step after material fabrication. Our
group has produced large numbers of different materials and coatings. As a group, we always strive
to know our materials better. Accordingly, it was critical for me to understand the coatings I
produced. The characterization methods I used were effective in helping me understand my
surfaces and materials. I used a wide number of surface characterization techniques to
identify/uncover the physicochemical properties of the coatings and materials I made. The
characterization methods I employed include X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), spectroscopic ellipsometry (SE), time-of-flight secondary ion mass
spectrometry (ToF-SIMS), transmission electron microscopy (TEM), and water contact angle
(WCA) goniometry. I completed a detailed study that elucidated the optical function of
diphenylsiloxane – dimethylsiloxane (DPS -DMS) copolymer by spectroscopic ellipsometry (see
Chapter 5). This polymer was a potential coating for our sputtered SPME devices. Apart from SE,
I also characterized non-traditional materials by near ambient pressure XPS (NAP-XPS) that are
described in Appendix 1-7.

1.5.1 Spectroscopic Ellipsometry (SE) 2
Spectroscopic ellipsometry (SE) is widely used to probe the optical properties of thin films
and surfaces over a range of wavelengths.159-162 Often this wavelength range is quite wide – it is
not uncommon for SEs to probe surfaces from the UV to the near IR, e.g., from ca. 190 – 1700
nm. SE may also analyze materials with a broad spectrum of infrared light. In contrast, earlier
ellipsometers were often single wavelength devices in which the light source was a laser. The red
2

Some of the text in this section is adapted from Chapter 5 and Appendix 8-12 of this dissertation.
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helium-neon (He-Ne) laser with a wavelength of 633 nm was widely used for this purpose.
Generally, an ellipsometer consists of a light source, polarizers, a sample stage, and a detector (See
Figure 1.5). An unpolarized beam of light is first polarized, i.e., its polarization state is defined.
This polarized light is reflected from the sample surface where it interacts with it. The reflected
light is generally elliptically polarized, which gives the technique its name. A detector converts
the light into an electronic signal to determine the polarization state of the reflected light.
The standard equation of ellipsometry for isotropic materials, Equation 1.10, relates the ratio of
the reflected intensities of the p- and s-polarized light, rp and rs, which are the light parallel (p) and
perpendicular (s) to the plane of incidence, respectively, to two parameters: psi (Ψ) and delta (Δ).
𝜌𝜌 =

𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan(𝜓𝜓) ∙ 𝑒𝑒 𝑖𝑖Δ ,

(1.10)

where ρ (rho) is a complex number, tan(ψ) is the ratio of the amplitudes of the reflected p- and spolarized light beams, and Δ is the phase shift between them. In addition to psi (Ψ) and delta (Δ),
transmission data may be used to create an SE model.
A theoretical SE model is developed to predict values for Ψ and Δ that are compared to
those measured experimentally. The model generally contains floating parameters that are adjusted
to best fit the model and experimental data. This approach allows properties such as film thickness,
optical functions, surface roughness, and material anisotropy to be calculated. To find the best
match between the experimental and modeled data, a figure of merit called the “mean squared
error (MSE)” is used. The MSE is given by the following equation:
1

𝑁𝑁𝐸𝐸𝐸𝐸 −𝑁𝑁𝐺𝐺𝐺𝐺 2

𝑀𝑀𝑀𝑀𝑀𝑀 = �3𝑛𝑛−𝑚𝑚 ∑𝑛𝑛𝑖𝑖=1 ��

0.001

𝐶𝐶𝐸𝐸𝐸𝐸 −𝐶𝐶𝐺𝐺𝐺𝐺 2

� +�
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0.001

𝑆𝑆𝐸𝐸𝐸𝐸 −𝑆𝑆𝐺𝐺𝐺𝐺 2

� +�

0.001

� �,

(1.11)

where 𝑁𝑁 = cos(2𝜓𝜓), 𝐶𝐶 = sin(2𝜓𝜓) cos(Δ), 𝑆𝑆 = sin(2𝜓𝜓) sin(Δ), 𝑛𝑛 is the number of
wavelengths, i.e., (ψ, Δ) pairs, 𝑚𝑚 is the number of variable parameters in the model, and 𝜎𝜎

represents a standard deviation. Terms subscripted with a 𝐺𝐺 denote the experimentally measured
values at the data point 𝑖𝑖, and terms subscripted with an 𝐸𝐸 indicate the data generated by the model
at the data point 𝑖𝑖.163

Most thin films and surfaces have at least some surface roughness. Indeed, most

ellipsometric models are noticeably improved when surface roughness is included. Effective
medium approximations (EMAs) are common approaches for modeling surface roughness.164, 165
Here, the optical constants of a roughness layer are modeled as a mixture of the optical constants
of the two (or more) materials it is assumed to be made of. For example, a roughness layer on glass
could be described as a mixture of the optical constants of that glass and air. The Bruggemann
effective medium approximation (BEMA)164, 166 (Equation 1.12) is widely used to describe the
optical constants of roughness layers:
𝑓𝑓𝑎𝑎

2 −𝑛𝑛2
𝑛𝑛𝑎𝑎
𝐸𝐸𝐸𝐸𝐸𝐸

2 +2 𝑛𝑛2
𝑛𝑛𝑎𝑎
𝐸𝐸𝐸𝐸𝐸𝐸

𝑛𝑛2 −𝑛𝑛2

+ (1 − 𝑓𝑓𝑎𝑎 ) 𝑛𝑛2𝑏𝑏+2 𝑛𝑛𝐸𝐸𝐸𝐸𝐸𝐸
= 0,
2
𝑏𝑏

𝐸𝐸𝐸𝐸𝐸𝐸

(1.12)

where fa is the fraction of species a in the mixed layer, na and nb are the refractive indices of species
a and b, respectively, and nEMA is the effective index of refraction of the roughness layer. Other
approximations are also employed, including linear and Maxwell-Garnett EMAs.167, 168 Because
roughness layers are often very thin, it is not always possible to determine both their thicknesses
and optical constants. Accordingly, the fractions for the two layers are often assumed to be equal
in a BEMA so that the thickness of the roughness layer can be more easily estimated.169 In Chapter
5, I have discussed more about ellipsometry and its practical applications in determining the optical
function of diphenylsiloxane - dimethylsiloxane (DPS - DMS) copolymer.
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1.6 Conclusions
SPME is a very widely used sample preparation technique. There are a wide range of
commercial SPME coatings (fibers) available on the market. However, these coatings (fibers) have
always shown various limitations, e.g., they are expensive, fragile, have short lifetimes, exhibit
significant carry-over and phase bleed, and respond preferentially to particular classes of
compounds. These coatings are made from traditional synthetic polymers and/or particles. In my
work, I have explored new thin film deposition techniques such as sputtering (PVD), CVD, and
ALD to make materials for sample preparation and chromatography. These materials have
improved properties that I believe can overcome many of the shortcomings of commercial fibers.
In Chapter 2, I discuss the preparation of a 6-phenylhexylsilane stationary phase on sputtered
silicon SPME coatings. This coating has shown very competitive results compared to commercial
PMDS coatings for the evaluation of PAHs. Indeed, it showed parts per trillion detection limits for
PAHs, minimal carry-over, and minimal phase bleed. In Chapter 3, I discuss sputtered carbon
coatings for SPME, which is a new material with promising properties. Carbon has long been
important for analytical chemists. These coatings were compared to a much thicker carbon-based
commercial fiber, and also tested against a wide range of chemical compounds, including a newly
developed evaluation mix for SPME fibers.
In Chapter 4, I discuss the creation of a new ALD tool I built for depositing coatings on
the inner surfaces/walls of capillary columns that may be used for gas chromatography. This ALD
tool allows for precise deposition of these coatings. These ALD coatings are characterized by SE,
XPS, and TEM.
In Chapter 5, I describe the determination of the optical function of diphenylsiloxane dimethylsiloxane (DPS - DMS) copolymer using SE and first principles calculations/modeling.
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1.7 Figures

Figure 1.1. Steps in an analytical separation process. Figure adapted from Pawliszyn.9
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Figure 1.2. Types of extraction techniques. Figure adapted from Pawliszyn.9
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Figure 1.3. Schematic diagram of a magnetron sputtering process. Figure adapted from
Roychowdhury’s thesis.
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Figure 1.4. Schematic of a spectroscopic ellipsometry (SE) instrument.

27

Figure 1.5. Schematic of the ALD of Al2O3.
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CHAPTER 2: 6-Phenylhexyl Silane Derivatized, Sputtered Silicon Solid Phase
Microextraction Fiber for the Parts-Per-Trillion Detection of Polyaromatic Hydrocarbons
in Water and Baby Formula

2.1 Statement of Attribution
This article was originally published as Patel, D. I.; Roychowdhury, T.; Shah, D.; Jacobsen,
C.; Herrington, J. S.; Hoisington, J.; Myers, C.; Salazar, B. G.; Walker, A. V. Bell, D. S.; Linford,
M. R. 6-Phenylhexyl Silane Derivatized, Sputtered Silicon Solid Phase Microextraction Fiber for
the Parts-Per-Trillion Detection of Polyaromatic Hydrocarbons in Water and Baby Formula. J.
Sep. Sci. 2021, 44, 2824-2836.

2.2 Abstract
We report the fabrication of 6-phenylhexylsilane derivatized, sputtered silicon, solid phase
microextraction fibers that show parts per trillion detection limits for polyaromatic hydrocarbons,
and negligible carry-over and phase bleed. Their fabrication involves sputtering silicon on silica
fibers under various conditions. Six different fibers were evaluated by generating three different
thicknesses of sputtered silicon at two different throw distances, which altered the morphologies
of the silicon surfaces. All of the fibers were coated with similar thicknesses of 6phenylhexylsilane (ca. 2 nm). These fibers were characterized with multiple analytical techniques.
The optimum fiber configuration was then used to analyze polyaromatic hydrocarbons via direct
immersion, GC-MS. Our best fiber for the extraction of low molecular weight polyaromatic
hydrocarbons in water had similar performance to that of a commercial fiber. However, our fiber
demonstrated ca. 3 times the extraction efficiency for higher molecular weight polyaromatic
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hydrocarbons. In addition, it outperformed the commercial fiber by showing better linearity,
repeatability, and detection limits. A method for analyzing polyaromatic hydrocarbons in baby
formula was developed, which showed very good linearity (0.5-125 ppb), repeatability (2-26%),
detection limits (0.12-0.81 ppb), and recoveries (103-135%). In addition, our fiber showed much
less (negligible) carry-over and phase bleed the commercially available fibers.
Keywords: GC-MS, Polyaromatic hydrocarbons, porous silicon coatings, Sputtering,
Solid phase microextraction.

2.3 Introduction
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous chemical compounds produced
by the incomplete combustion/incineration of organic materials, including municipal waste, wood,
coal, cigarettes, and other fossil fuels.1-3 Natural sources of PAHs include forest fires,
hydrothermal processes, and volcanoes.4, 5 Their pervasive presence means that PAHs accumulate
in various foods, water, and the air, and therefore human exposure is omnipresent. A recent report
indicated that there are over 800 sites in the US with higher concentrations of PAHs than
recommended by the Environmental Protection Agency (EPA).6 Consequently, the US EPA has
classified PAHs as probable human carcinogens, where 16 of the PAHs studied in this work are of
major concern due to potential human toxicity: (1) naphthalene (NAP) (2) acenaphthylene (ACY)
(3) acenaphthene (ACE) (4) fluorene (FLU) (5) phenanthrene (PHEN) (6) anthracene (ANTH) (7)
fluoranthene (FLTH) (8) pyrene (PYR) (9) benzo[a]anthracene (B[a]A) (10) chrysene (CHRY)
(11) benzo[b]fluoranthene (B[b]F) (12) benzo[k]fluoranthene (B[k]F) (13) benzo[a]pyrene
(B[a]P) (14) benzo[g,h,i]perylene (B[ghi]P) (15) indeno[1,2,3-c,d]pyrene (IND) (16)
dibenz[a,h]anthracene (D[ah]A).7, 8 The European Union (EU) has also designated eight PAHs as
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hazardous chemicals in their environmental policy on water.9 Inhalation and/or ingestion of PAHs
allows them to be absorbed into the human body through the pulmonary and/or gastrointestinal
tract, and then metabolized. This metabolism process includes the cytochrome P450 dependent
monooxygenase catalyzed epoxidation reaction. The products of these reactions include various
phenols, epoxides, and diols, which directly threaten human life because of their ability to bind
to/interact with DNA.10-13
Ingestion of PAH contaminated dietary products is a significant exposure route, so the US
EPA has established a maximum permissible limit for B[a]P in drinking water of 0.2 µg/L;
however, there is no current legislation for food products in the US. In particular, infant formulas
may be contaminated with various PAHs during manufacturing.14 Infants and newborns are
particularly susceptible to the hazardous health effects of PAHs due to their early development.
The European Commission has established a maximum level of 1 µg/Kg of B[a]P in infant
formulas and other baby food products (Regulation No. 835/2011).15 Thus, PAHs in the air,
drinking water, and food have been monitored and characterized regularly for the past few decades.
Gas chromatography (GC) and high-pressure liquid chromatography (HPLC) are
extensively used, and recommended by the US EPA, for the analysis of PAHs.16, 17 However,
samples that must be monitored for PAHs often consist of matrices that complicate analyses. That
is, extraction and isolation processes are generally required before analysis of PAHs. Conventional
techniques such as liquid-liquid extraction (LLE),18 solid phase extraction (SPE),19 Soxhlet
extraction,20 saponification,21 ultrasonication solvent extraction,22 and supercritical fluid
extraction23 are used. In many instances, these methods are multistep, complex, time consuming,
expensive, environmentally unfriendly, and require pre-concentration. In contrast, solid phase
micro-extraction (SPME) includes extraction, isolation, and preconcentration in a single step.24
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Thus, SPME, in tandem with GC or HPLC, is the preferred method for analysis of PAHs. Recently,
Jalili et al., summarized the qualities, advantages, and disadvantages of commercial SPME
coatings, and others reported in the scientific literature for the analysis of PAHs.25 There are also
reports on the use of commercial 7, 30, and 100 μm polydimethylsiloxane (PDMS) - coated
SPME fibers for the analysis of PAHs from environmental air and water samples.26, 27 However,
to the best of our knowledge, there are few reports on utilizing SPME for the analysis of PAHs in
milk and other food products. Guillén et al., reported analysis of low molecular weight PAHs in
smoked cheese using 100 μm PDMS and 85 μm polyacrylate fibers in head-space mode.28
Aguinaga et al.,29 demonstrated the use of a 65 μm PDMS/DVB fiber to analyze PAHs in milk and
infant formula. However, their experiments were time consuming and required complex preprocessing. Milk and related products contain a variety of different compounds, including fats and
proteins, and this complex matrix can saturate fibers and complicate analysis. Thus, purification
and cleanup are necessary steps before an analysis. For example, sample preparation for dairy
products has usually included liquid-liquid extraction (LLE) with saponification, followed by
cleanup by solid phase extraction.30
In general, commercial SPME coatings suffer from some drawbacks, including a lack of
extraction efficiency, irreproducibility, high carry over, high phase bleed instability, swelling in
organic solvents, and stripping of the coating (usually observed in direct immersion).31-33 Some
efforts have been made to address these issues by developing coatings based on functionalized
silica,34 mesoporous silica nanoparticles (MSNs),34 molecularly imprinted polymers (MIPs),35
metal organic frameworks (MOFs),36 covalent organic frameworks (COFs),37 ionic liquids (ILs),38,
39

metal oxides,40 ZnO nanorods,41 carbon nanotubes,42 graphene,43, 44, biocharcoal aerogel,45 and

conducting polymers.46 In previous reports, we have demonstrated the application of sputtered
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silicon SPME fibers coated with octadecyl silane31 and PDMS47 for the analysis of alcohols,
amines, and PAHs. These fibers show negligible carry over and phase bleed, longer lifespan, and
greater stability than commercial coatings. However, our first (octadecyl) fiber was unable to
extract PAHs efficiently. Our second (PDMS) fiber showed greater extraction efficiency for higher
molecular weight (MW) PAHs than the comparable commercial fiber, but poorer extraction
efficiency for the lower MW species.
Here we report a new 6-phenylhexyl silane (6-PH) – coated sputtered silicon fiber for the
analysis of PAHs in a complex matrix (baby formula) with part per trillion detection limits. This
silane creates a stationary phase with both aliphatic and aromatic (mixed mode) character (see
Figure 2.1). The deposition of sputtered silicon is based on our previously reported procedures.31,
47

However, in the current study, the throw distance (TD) (distance between the silicon target and

the fiber) was varied, which changed the morphology of our coatings. Shorter throw distances
produced coatings with larger pore sizes, and vice versa. Six types of fibers were produced based
on two throw distances (4 cm and 20 cm) and three thicknesses of the sputtered coating (ca. 0.5,
1.8, and 2.8 μm). After silicon sputtering, thin films (ca. 2 nm) of 6-PH were deposited onto the
fibers via a vapor phase deposition. Our Si (20 cm, 2.8 μm)/6-PH fibers (Fiber 1) show competitive
extraction efficiencies, higher desorption efficiency, and negligible carry over and phase bleed
compared to a commercial 7 μm PDMS fiber in direct immersion mode. Indeed, this fiber
represents an important advance in sputtered silicon fibers. It shows (i) better extraction of PAHs
than our PDMS-coated fiber, (ii) comparable extraction to the commercial fiber of lower MW
PAHs, but ca. 3 times higher extraction of the higher MW PAHs, (iii) 10 times less carry over and
phase bleed than the commercial fiber, (iv) parts per trillion detection limits of PAHs, and (v)
excellent stability against organic solvent (e.g., acetonitrile). Please note that the sputtered silicon
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coatings described in this chapter were produced on silica fibers, which I describe here as
‘sputtered silicon fibers’.
2.4 Experimental
2.4.1 Materials and reagents
Polyimide coated silica fibers (Part# 1068000066) were purchased from Polymicro
Technologies (Phoenix, AZ, USA). Silicon (99.99%) targets (3” dia. x 0.125” thick) were
purchased from Plasmaterials (Livermore, CA, USA). Epo-Tek 353NDT epoxy glue was
purchased from Fosco Fiber Optics (Livermore, CA, USA). The round bottom, heavy wall (HW)
pressure vessel (75 mL, cat# CG-1880-40) was purchased from Chemglass Life Sciences
(Vineland, NJ, USA). Single-sided Kapton® tape, 6.3 mm x 32.9 m, was purchased from Ted Pella
(Redding, CA, USA). Concentrated sulfuric acid was purchased from Avantor Performance
Materials (Center Valley, PA, USA). Hydrogen peroxide (30%) and toluene were purchased from
Fischer Scientific (Hampton, NH, USA). Trichloro(6-phenylhexyl)silane was purchased from
Gelest (Morrisville, PA, USA). SPME fiber assemblies were provided by the Restek Corp.
(Bellefonte, PA, USA).
2.4.2 Apparatus
The deposition and surface characterization instrumentation used in this study are listed in
Table 2.1. The DI (direct immersion)-SPME-GC-MS parameters and conditions used for the
analyses of PAHs are described in the Table 2.2.
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Table 2.1. Deposition and surface characterization instruments.

Instrument

Company

Sputter system

PVD75, Kurt J. Lesker Company, Jefferson Hills,
PA, USA

Furnace

Model No. FB1415M, Thermo Scientific, Ashville,
NC, USA
FEI Helios NanoLabTM 600 DualBeam (FIB/SEM),
ThermoFisher Scientific, Waltham, MA, USA

Scanning Electron Microscope (SEM)

A thin conductive layer of Au/Pd was sputtered on
the samples. Image acquisition parameters: voltage =
5 kV; beam current = 0.17 nA; working distance =
4.1 - 4.5 mm

Contact Angle Goniometry

Model No. 100-00, ramé-hart instrument co.,
Mountain Lakes, NJ, USA

Spectroscopic Ellipsometer (SE)

M-2000DI, J.A. Woollam Company, Lincoln,
Nebraska, USA
SSX-100, Service Physics Inc., Bend, OR, USA

X-ray
(XPS)

Photoelectron

Spectrometer

Source: monochromatic Al Kα; hemispherical
analyzer; spot size 800 x 800 µm2; resolution: 4 (pass
energy: 150 eV); survey scan (step size 1 eV); narrow
scan (step size 0.065 eV)
ION TOF IV, IONTOF GmbH, Münster, Germany.

Primary ion: Bi+, Kinetic energy: 25 keV, Analysis
area: (500 × 500) μm2, 128 × 128 pixels, Spectra
1
Time of Flight Secondary Ion Mass
acquisition time: 60 s, Ion dose: <1011 ions cm-2
spectrometry (ToF-SIMS)
(static conditions), Three analysis areas on each
sample, Positive and negative ion modalities
obtained.
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Table 2.2. DI-SPME-GC-MS parameters
aCTC

RTC Parameters

cDI-SPME

Tool
Agitator
Speed
Agitator
Temperature
Incubation
Time
Heatex
Stirrer Speed
Heatex
Stirrer
Temperature
Extraction
Time
Vial
Penetration
Depth
Injector
Penetration
Depth
Desorption
Time
PreConditioning
Post
Conditioning
Conditioning
Time
Conditioning
Temperature

bAgilent

SPME
250 rpm

Inlet
280 °C
Split 5:1

30 °C

dTopaz

7890B/5977A GC-MS Parameters

0.75 mm ID Straight/SPME Liner

120 s
1000 rpm

dColumn

60 °C

Rxi-5 Sil MS, 20 m, 0.15 mm ID, 0.15 µm

480 s
35 mm

Oven

50 mm

70 °C to 115 °C at 95 °C/min, to 175 °C at 65 °C/min, to
225 °C at 45 °C/min, to 300 °C at 10 °C/min (hold 1.0
min)

60 s
True

dGC

Accelerator Oven Insert Kit

False
60 s

Carrier Gas

300 °C

Type

Helium

Mode
Flow Rate

Constant Flow
1.20 mL/min

bDetector

Type

Mode
Transfer Line Temp.
Source Temp.
Quad Temp.
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Single Quadrupole
MS
Scan (100 to 280
amu)
280 °C
325 °C
200 °C

a SPME

Electron Energy
Tune Type
Ionization Ode

autosampler: PAL System (CTC Analytics AG), Zwingen, Switzerland
Technologies, Inc., Santa Clara, CA, USA
c SPME in direct immersion (DI) mode
d Restek Corporation, Bellefonte, PA, USA

70 eV
DFTPP
EI

b Agilent

2.4.3 Silicon sputtering onto silica fibers
Silicon was sputtered onto fused silica fibers using the same process applied in our previous
reports, with the exception that additional deposition parameters were studied in this work.31, 47
The fused silica fibers were positioned perpendicular to the silicon target on a substrate platen.
The sputtering was carried out at 5 mTorr and 200 W DC power using a silicon (99.99%) target in
the PVD 75 deposition system. The pressure in the sputter chamber was maintained by introduction
of argon gas. Previously, fibers were sputtered with a throw distance (distance between the fiber
substrate and the silicon source) of 20 cm, but we also sputtered at a 4 cm throw distance to obtain
a different morphology. Different thicknesses of the sputtered coating were obtained by changing
the sputter time. A list of the sputtered fibers we prepared is provided in Table 2.3.
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Table 2.3. SPME fibers sputtered with silicon under different conditions. The 6-PH thickness was
the same for every fiber (2.2 ± 0.1 nm).
Label
1
20 cm/2.8 μm

Throw distance (cm)

Sputter time

Si/SiO2 (μm)

12 h

2.8

6h

1.8

3
20 cm/2.8 μm

1.5 h

0.5

4
4 cm/2.8 μm

54 min

2.8

33 min

1.8

7.5 min

0.5

2
20 cm/1.8 μm

5
4 cm/1.8 μm

20

4

6
4 cm/0.5 μm

2.4.4 Vapor phase deposition of 6-phenylhexylsilane (6-PH) onto sputtered silicon coatings
The sputtered silicon fibers were treated with piranha solution (7:3 :: H2SO4 (conc.): 30 %
H2O2 in water) at 80 – 100 °C for 40 min. Piranha treatment of these fibers is believed to increase
the number of silanol groups on their surfaces that can react with the silane. Immediately after
piranha treatment, fibers were rinsed with water and dried with a jet of dry nitrogen and then
attached to the inner wall of a sealed tube using Kapton® tape (see Supporting Information Figure
2.2). A small amount (0.1 mL) of 6-PH was then added to the sealed tube, and the sealed tube was
placed in a furnace at 75 °C for 3 h, which yielded a ca. 2 nm thick silane coating, as
confirmed/measured on witness silicon shards by spectroscopic ellipsometry (SE), X-ray
photoelectron spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS),
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and water contact angle goniometry (see Supporting Information Table 2.1). The 6-PH-coated
fibers were characterized by scanning electron microscopy (SEM) (see Table 2.1). Coated fibers
were attached to SPME assemblies with an epoxy adhesive.

2.4.5 DI-SPME-GC-MS evaluation of 6-PH coated sputtered silicon fibers
The SPME fibers were evaluated for the direct immersion extraction and analysis of 16
PAHs (commercial mix of PAHs, cat# 32470, Restek Corp. Bellefonte, PA. USA) in water and
baby formula. Reverse osmosis (RO) water was used to prepare the solutions of the PAHs from a
stock solution of the 16 standard PAHs. Baby formula details are addressed later. It is important
to note that for both the water and baby formula work, parameters such as ionic strengths, organic
solvent types, organic contents, equilibration times, equilibration temperatures, extraction times,
extraction temperatures, shaker speeds, desorption times, desorption temperatures, etc. were all
evaluated; however, we have presented the final optimized methods here, as it is well outside the
scope and space requirements of this paper to address all of the aforementioned.
2.4.5.1 Fiber selection and extraction efficiencies compared to other fibers
The six different fibers (see Table 2.3) were evaluated with 50 µg/L (ppb) each of 16 PAHs
in RO water extracted and analyzed per the parameters outlined in Table 1. In addition, the
extraction efficiency of Fiber 1 (20 cm /2.8 µm/ 2 nm ) was compared to our previous PDMScoated fiber and to the commercial 7 µm PDMS fiber with 50 µg/L (ppb) of 16 PAHs in RO water.
2.4.5.2 Procedure for extraction time study
Direct immersion extraction profiles with respect to time were investigated with 50 µg/L
(ppb) of 16 PAHs in RO water extracted at 30, 60, 120, 240, 480, 960, 1920, 3840, 7680, 15360 s
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using Fiber 1 (20 cm /2.8 µm) and a commercial 7 µm PDMS fiber. All other parameters were
held constant as outlined in Supporting Information Table 2.2.

2.4.5.3 Calibration curves, precision, and method detection limits in water
The following experiments were conducted in RO water. The calibration range and
linearity were determined with a series of 16 PAHs analyzed at a range 0.02 – 1.33 ppb with Fiber
1 (20 cm /2.8 µm/ 2 nm). Precision and method detection limits were evaluated with seven replicate
samples of the 16 PAHs at 0.43 ppb.
2.4.5.4 Carry-over and Phase Bleed study procedures
Carry-over was evaluated by analyzing 3 samples of 50 µg/L PAHs in RO water, with each
sample immediately followed by a blank RO water sample. Carry-over was defined as the
percentage of compound found in the blank sample relative to the spiked sample and was
determined for both Fiber 1 (20 cm /2.8 µm/ 2 nm) and the commercial 7 µm PDMS fiber. Note
that the RO water was previously determined to be free of PAHs. Phase bleed was evaluated for
both Fiber 1 (20 cm /2.8 µm/ 2 nm) and a commercial 7 µm PDMS fiber by analyzing conditioned
fibers as blank runs immediately following a 60 s conditioning step, i.e., no sample exposure.
2.4.5.5 Baby formula study procedures
Initial attempts to analyze the PAH content of baby formula by direct immersion proved
difficult due to the matrix interferences present in the sample, even after dilution with deionized
water. Extraction of the baby formula using acetonitrile followed by salting and centrifugation
allowed for better analysis due to the extraction and partitioning of the PAH compounds into the
organic acetonitrile layer. Therefore, 2.0 mL (1.99 g) of Similac Advance was combined with 4
mL of acetonitrile (ACN) in a headspace vial and shaken for 1 minute. Next, 1.5 g of sodium
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chloride was added, and the mixture was shaken for an additional 30 s. Finally, the samples were
centrifuged at 3000 rpm until the layers separated, and then 0.25 mL of the top ACN layer was
removed and diluted to a final volume of 15 mL with deionized water. Various volumes of the
ACN layer were evaluated, with 0.25 mL providing the optimal PAH response and least amount
of matrix interference.
2.4.5.6 Calibration curves, accuracy, precision, and method detection limits in baby
formula
All of the following evaluations used the baby formula preparation steps outlined in section
2.6.4. For all of the following experiments, the PAHs and internal standard mixtures were spiked
directly into the formula before the addition of ACN. The linear range for the 16 PAHs was
determined in baby formula at 0.0, 0.5, 1.0, 5.0, 25, and 125 µgL-1. The method accuracy was
determined for the 16 PAHs by preparing 4 individual baby formula samples at 5 µgL-1. The
method precision was determined from 7 replicate samples of the 16 PAHs in baby formula at 0.43
µgL-1. The method detection limits (MDL) were determined from 7 replicate analyses of one
sample of 16 PAHs in baby formula at 1.0 µgL-1.

2.5 Results and discussion
2.5.1 Material characterization
2.5.1.1 Scanning electron microscopy
Fibers sputtered with silicon were imaged by SEM (see Figure 2.3), which showed a
morphology similar to that which was previously reported, i.e., a cauliflower-like structure.31, 47
Here, we explored the effects of throw distance on this morphology. At the pressures employed
previously and in this work, the mean free path for the sputtered silicon atoms is 1.07 cm.31 That
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is, our sputter process should be largely non-directional by ca. 5 mean free paths. Accordingly,
we used a shorter throw distance (4 cm) to increase the directionality of our silicon sputtering,
and also employed the same longer 20 cm throw distance (see Figure 2.3a) that was used in our
previous studies.31, 47 The cauliflower-like structure obtained with the 4 cm throw distance was
similar to that obtained at 20 cm, but with noticeably larger pores (see Figure 2.3c). Multiple
batches of fibers produced under the same sputtering conditions showed essentially identical
morphologies by SEM. Additional SEM images of the coatings (top view and cross sections) are
shown in the Supporting Information Figure 2.4 (see also Table 2.1).
2.5.1.2 Spectroscopic ellipsometry and contact angle goniometry
6-phenylhexy silane (6-PH) (see Figure 2.1) was deposited via a vapor phase deposition
of the silane. These depositions were monitored using planar, piranha-treated, silicon witness
shards, which were placed in the sealed tubes with the fibers – these planar surfaces could be
characterized by SE, contact angle goniometry, XPS, and ToF-SIMS. Different times and
temperatures were explored for the 6-PH deposition. Optimal conditions for this deposition were
3 h at 75 °C. In the SE data analysis, the deposition of 6-PH on planar silicon was modeled as two
layers: a silicon substrate and an SiO2 overlayer (the thickness of the native oxide on silicon was
measured before the silane deposition and subtracted from the total thickness to give the thickness
of the silane). Ultimately, a 6-PH thickness of 2.2 ± 0.1 nm was achieved (see Figure 2.5). The 6PH films appeared to be well adhered to their substrates – no change in their thickness was
observed after 2 h of Soxhlet extraction in toluene. As expected, the advancing water contact
angles of the silicon surfaces increased noticeably after the silane deposition (from 12 to 103), see
Figure 2.6).
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2.5.1.3 X-ray photoelectron spectroscopy
XPS was used to characterize bare and 6-PH-coated planar (not sputtered) silicon. In both
cases, the expected O 1s, O 2s, O Auger, Si 2s, and Si 2p signals were observed. However, the C
1s signal increases substantially after 6-PH deposition (see Figure 2.7a). In addition, the shape of
the O Auger signal changes after 6-PH deposition, which is consistent with a change in the surface
chemistry. Figure 2.7b shows the C 1s narrow scan centered at 285 eV of the 6-PH coated silicon
sample. A strong photoemission signal is present along with what appear to be two small shakeup peaks (π-π* transitions) at ca. 292 and 295 eV, which are consistent with an adsorbate with an
aromatic component (see Figure 1).
2.5.1.4 Time of Flight Secondary Ion Mass Spectrometry
Sputtered silicon coatings on planar silicon surfaces, with and without 6-PH silane films,
were characterized using ToF-SIMS. ToF-SIMS is a highly surface sensitive form of mass
spectrometry that can provide important chemical information about surfaces. It has been widely
used to characterize silane thin films and other monomolecular layers.48, 49 The thin, polymeric 6PH silane film shows a strong fragment peak at a mass-to-charge ratio (m/z) of 91 (see Figure
2.8), which is attributed to the tropylium ion (C7H7+). This fragment is commonly observed in the
mass spectra of organic molecules and materials that contain benzyl groups (C6H5CH2-). This
fragment was not present in the spectrum of the bare sputtered silicon coating (see Figure 2.8).
Thus, ToF-SIMS provides direct chemical evidence for 6-PH deposition on our sputtered silicon
surfaces. The lower resolution ToF-SIMS spectra (from 0 – 100 m/z) further confirm the presence
of the 6-PH coatings (see Figure 2.9). The uncoated, sputtered silicon surface primarily shows
peaks corresponding to Si+ and SiOH+, while the 6-PH silane coated surface shows series of peaks
corresponding to hydrocarbon fragments.
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2.5.1.5 Summary
Thus, SEM, SE, water contact angle goniometry, XPS, and ToF-SIMS are all consistent
with the deposition of a porous, sputtered silicon/silica coating with a silane coating on top of it.

2.5.2 Solid Phase Microextraction-GCMS analysis of polyaromatic hydrocarbons with
sputtered fibers
Six different types of SPME fibers were prepared using two different throw distances (4
and 20 cm) and different sputter deposition times, which yielded sputtered silicon thicknesses of
ca. 0.5, 1.8, and 2.8 µm (see Table 2.3). All of these coatings were functionalized with 6-PH in
the same manner to yield ca. 2 nm silane films. It is believed that the resulting surfaces extract
analytes through a competitive adsorption mechanism based on the hydrophobicity and possible
pi-pi interactions of the 6-PH film. The fibers were evaluated via SPME-GC-MS in extractions of
16 PAHs from water (50 ppb of each analyte) in direct immersion (DI) mode. Figure 2.10 shows
the resulting peak area of each PAH for the six fibers. Fiber 1 (20 cm /2.8 µm) outperformed all
the other fibers (see Figure 2.10). This conclusion is based on the fact that fiber 1 had the highest
response for 10 of the 16 PAHs evaluated. Presumably, the greater thickness of sputtered silicon
and tighter pores, which should generate more surface area, led to a higher degree of extraction
efficiency. Fiber 2 (20 cm /1.8 µm) showed a similar extraction efficiency to Fiber 1 for the low
molecular weight (LMW) PAHs, i.e., NAP to PYR, but a lower extraction efficiency for the higher
molecular weight (HMW) PAHs, i.e., B[a]A to B[ghi]P. Unexpectedly, Fiber 4 (4 cm /2.8 µm)
was unable to efficiently extract the LMW PAHs. It also showed higher standard deviations. The
larger pore size of this coating may reduce its surface area and therefore its ability to extract these
analytes. Additional exploration of the extraction parameters may be useful in the future to better
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understand this fiber. There is a noticeable difference between the signals for the LMW and HMW
PAHs. This may be due to the difference in the dimensions of the molecules,47 which may affect
their ability to interact with the 6-PH silane coating and/or silicon surface.

2.5.3 Extraction time
The extraction time, which ranged from 30 to 15320 s, was chosen using Fiber 1 (20 cm
/2.8 µm). As observed in our previous studies,31, 47 competitive extraction between low and high
molecular weight compounds (LMW and HMW) was expected to result in displacement of the
LMW compounds by the HMW ones. This type of competitive extraction has been observed in
other adsorption-based SPME fibers.50 Figure 2.11a shows an initial increase in the extraction of
the LMW PAHs, i.e., naphthalene, acenaphthylene, acenaphthene, fluorene, phenanthrene, and
anthracene, up to ca. 480 s, but a decrease thereafter. On the other hand, extraction of the HMW
PAHs increases steadily with increasing extraction time. (See Figure 2.11b). Accordingly, longer
extraction times are favored for HMW PAHs. However, 480 s was selected as the extraction time
for the SPME-GC-MS analysis, as the increased response for HMW PAHs was deemed not
significant enough to justify the added time investment. Note again that the optimal extraction time
will depend on the molecular weights of the targeted analytes.

2.5.4 Linearity, method detection limits, and precision
A series of 16 PAHs at very low concentrations (0.02 – 1.33 ppb) in RO water was analyzed
with Fiber 1 (20 cm /2.8 µm) to create five-point calibration curves (see Figure 2.12). The resulting
correlation coefficient values were 0.96 - 0.99. The MDL and relative standard deviation (RSD%)
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values of the PAHs are summarized in Table 2.4. The MDLs range from 7 - 64 ppt. The RSD%
values range from 5 to 24%.

Table 2.4. Linear ranges, correlation coefficients (r2), MDLs, and %RSDs, of PAHs for Fiber 1
(20 cm /2.8 µm). See Experimental.
PAHs

Linear range
(ppb)

r2

MDL (ppt)

%RSD

(n = 7)

(n = 3)

Naphthalene

0.02-1.33

0.99

48.74

8.01

Acenaphthylene

0.02-1.33

0.99

16.67

5.71

Acenaphthene

0.02-1.33

0.99

17.58

5.54

Fluorene

0.02-1.33

0.99

14.56

5.07

Phenanthrene

0.02-1.33

0.99

21.44

8.04

Anthracene

0.02-1.33

1.00

12.05

11.91

Fluoranthene

0.02-1.33

0.99

6.55

16.09

Pyrene

0.02-1.33

0.99

6.99

19.21

Benz[a]anthracene

0.02-1.33

0.97

64.01

22.99

Chrysene

0.02-1.33

0.96

17.49

20.35

Benzo[b]fluoranthene

0.02-1.33

0.99

7.71

12.54

Benzo[k]fluoranthene

0.02-1.33

0.96

14.90

10.69

Benzo[a]pyrene

0.02-1.33

0.96

21.87

12.81

Indeno[123cd]pyrene

0.02-1.33

0.98

22.83

18.89

Dibenz[ah]anthracene

0.02-1.33

0.94

32.34

23.66

Benzo[ghi]perylene

0.02-1.33

0.97

30.87

24.52

2.5.5 Comparison of Fiber 1 (20 cm /2.8 µm) to other fibers
The extraction efficiency of the best fiber in this study (Fiber 1 (20 cm /2.8 µm)) was
compared to that of the commercial 7 µm PDMS SPME fiber and the best fiber from our previous
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study (Si 1.8 µm/ PDMS 16 nm). Identical conditions were used to compare the fibers. The
commercial 7 µm PDMS fiber is the industry standard for the analysis of PAHs. Our previous
report48 showed that PDMS on sputtered silicon (Si 1.8 µm/ PDMS 16 nm) performed better than
the commercial 7 µm PDMS fiber for HMW PAHs. Figure 2.13 shows the total ion chromatogram
obtained with Fiber 1 (20 cm /2.8 µm) in the extraction of 16 PAHs under optimized conditions.
2.5.5.1 Extraction efficiencies
Figure 2.14 shows a comparison of the peak areas of 16 PAHs extracted from water with
Fiber 1 (20 cm/2.8 µm), the commercial 7 µm PDMS fiber, and the best fiber from our previous
study (Si 1.8 µm/PDMS 16 nm). The fiber from our previous study shows much higher extraction
of HMW PAHs compared to Fiber 1 (20 cm/2.8 µm). However, Fiber 1 (20 cm/2.8 µm) showed
higher extraction of LMW PAHs and better precisions across the molecular range. We attribute
this improvement to the 6-PH silane stationary phase on Fiber 1, which contains aromatic rings
and therefore should allow both hydrophobic and π-π stacking interactions with PAHs. Figure
2.14 also shows that Fiber 1 (20 cm/2.8 µm) extracts LMW PAHs to about the same degree as the
commercial 7 µm PDMS fiber, but it extracts HMW PAHs ca. 3 times as well. Thus, we conclude
that although Fiber 1 does not appear to extract HMW PAHs as well as the best fiber from our
previous study, it is, overall, a better and more balanced SPME fiber for PAH analysis.
2.5.5.2 Carry-over and desorption efficiency
Carry-over, which is frequently observed with commercial SPME fibers, often affects
method linearity and detection limits.51, 52 Carry-over refers to the presence of analytes from a
previous extraction appearing in subsequent analyses. Carry-over can often be reduced, or even
eliminated, by longer desorption/conditioning times and/or higher desorption/conditioning
temperatures. However, extended desorption/condition times and/or temperatures results in
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increased phase bleed and potentially reduced fiber lifetime. Figure 2.15 shows a comparison of
the carry-over from a commercial 7 µm PDMS fiber and Fiber 1 (20 cm/2.8 µm) after an extraction
of 16 PAHs at 50 ppb concentration. Compared to Fiber 1, the commercial 7 µm PDMS fiber
shows, on average, more than 20 times as much carry-over of the LMW PAHs, and more than 1.5
times as much carry-over for the HMW PAHs. Overall, the commercial PDMS fiber and Fiber 1
show ca. 6% and 0.6% carry-over, respectively. That is, in this experiment, Fiber 1 (20 cm/2.8
µm) shows a very high desorption efficiency of 99.4%. We attribute the low carry-over and high
desorption efficiency of Fiber 1 to its porous nature, its thin silane coating, and adsorption
mechanism.
2.5.5.3 Phase bleed
SPME fibers are repeatedly exposed to higher temperatures (>280 °C) during conditioning
and desorption. These processes may lead to phase bleed, which produces unwanted peaks in a
chromatogram. These peaks may overlap with analyte peaks, which complicates quantification.
Shorter desorption times and/or lower temperatures should reduce phase bleed.53 However, higher
desorption temperatures and/or longer desorption times may be necessary to reduce carry-over
effects in commercial coatings. In general, thicker coatings are expected to show more phase bleed
than thinner coatings. Figure 2.16 shows chromatograms obtained from a phase bleed study of a
brand new commercial 7 µm PDMS fiber and a fresh Fiber 1 (20 cm /2.8 µm). The two fibers
behave quite differently. The commercial fiber shows phase bleed over the entire chromatogram,
while Fiber 1 shows very little phase bleed after ca. 4 min. Figure 2.13 shows that under these
same conditions, benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[a]pyrene, benzo[g,h,i]perylene, indeno[1,2,3-c,d]pyrene, and dibenz[a,h]anthracene elute
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after 4 min. Thus, Fiber 1 should yield more reproducible and accurate results than the commercial
fiber.

2.5.6 Solid Phase Microextraction of baby formula
Baby formula is a type of artificial milk and a complex matrix. Initial experiments were
conducted in which an undiluted commercial baby formula was spiked with 16 PAHs at 17, 50,
150, 450, and 1333 ppt to form 5-point calibration curves. Fiber 1 (20 cm /2.8 µm) showed
noticeably better extraction of the LMW PAHs and similar extraction of the HMW PAHs for baby
formula spiked with 1333 ppt of PAHs (see Figure 2.17). However, for the more dilute solutions,
the chromatograms obtained with the 7 µm PDMS fiber were poor. In addition, the r2 values for
the calibration curves (in parenthesis in the following list) obtained with Fiber 1 were variable,
e.g., naphthalene (0.081), acenaphthylene (0.390), acenaphthene (0.811), fluorene (0.984),
phenanthrene (0.910), anthracene (0.913), fluoranthene (0.900), pyrene (0.838), benz[a]anthracene
(0.870), and chrysene (0.911), which were deemed insufficient for the data quality objectives of
this study.
In order to obtain high quality linear calibration curves of all the analytes, a more advanced
procedure was considered. As described in the Experimental, the baby formula was mixed with
ACN and NaCl, and the layers were separated by centrifugation. This approach yielded calibration
curves with better r2 values for all the analytes with both Fiber 1 (see Table 2.5) and the
commercial fiber (see Table 2.6). However, the recoveries for Fiber 1 were close to 100%, while
those for the commercial fiber were noticeably lower.
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Table 2.5. Linear ranges, correlation coefficients (r2), MDLs, %RSDs, and recoveries for
extraction of PAHs from baby formula with Fiber 1 using the ACN/NaCl extraction method
described in Section 3.6.
PAHs

Linear range
(ppb)

r2

MDLs
(ppb)

%RSD
(n =7)

Recoveries
(%)

Naphthalene

0.81-125

0.99

0.81

8.89

111 ± 6

Acenaphthylene

0.5-125

0.99

0.29

5.93

103 ± 5

Acenaphthene

0.5-125

0.98

0.13

6.14

128 ± 4

Fluorene

0.5-125

0.96

0.14

4.75

135 ± 6

Phenanthrene

0.5-125

0.91

0.15

4.77

132 ± 8

Anthracene

0.5-125

0.90

0.12

2.83

113 ± 4

Fluoranthene

0.5-125

0.88

0.43

3.17

118 ± 6

Pyrene

0.5-125

0.88

0.52

3.28

112 ± 6

Benz[a]anthracene

0.5-125

0.97

0.38

6.99

75 ± 11

Chrysene

0.5-125

0.94

0.44

4.41

119 ± 5

Benzo[b]fluoranthene

0.5-125

0.99

0.26

11.95

104 ± 7

Benzo[k]fluoranthene

0.5-125

0.99

0.28

8.93

109 ± 11

Benzo[a]pyrene

0.5-125

1.00

0.20

10.71

97 ± 6

Indeno[123-cd]pyrene

0.5-125

1.00

0.23

15.27

111 ± 7

Dibenz[ah]anthracene

0.5-125

1.00

0.19

26.19

106 ± 9

Benzo[ghi]perylene

0.5-125

1.00

0.25

25.04

118 ± 7
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Table 2.6. Linear ranges, correlation coefficients (r2), MDLs, and recoveries for extraction of
PAHs from baby formula with the commercial fiber using the ACN/NaCl extraction method
described in Section 3.6.
PAHs

Linear range
(ppb)

r2

MDL
(ppb)

Recoveries
(%)

Naphthalene

0.81-125

0.99

0.23

71 ± 24

Acenaphthylene

0.5-125

0.99

0.33

91 ± 19

Acenaphthene

0.5-125

0.97

0.59

94 ± 18

Fluorene

0.5-125

0.97

0.71

84 ± 22

Phenanthrene

0.5-125

0.95

0.78

77 ± 28

Anthracene

0.5-125

0.93

0.60

88 ± 19

Fluoranthene

0.5-125

0.92

0.70

83 ± 19

Pyrene

0.5-125

0.92

0.75

84 ± 19

Benz[a]anthracene

0.5-125

0.99

0.20

71 ± 14

Chrysene

0.5-125

0.99

0.32

55 ± 15

Benzo[b]fluoranthene

0.5-125

0.99

0.14

58 ± 25

Benzo[k]fluoranthene

0.5-125

0.99

0.43

67 ± 3

Benzo[a]pyrene

0.5-125

0.99

0.16

64 ± 18

Indeno[123-cd]pyrene

0.5-125

0.99

0.31

74 ± 28

Dibenz[ah]anthracene

0.5-125

0.98

0.25

113 ± 13

Benzo[ghi]perylene

0.5-125

0.99

0.27

121 ± 16

2.5.6.1 Linearity, method detection limits, precision, and recoveries
Linear ranges, r2 values, MDLs, %RSDs, and recoveries of the 16 PAHs were determined
for the extraction method (employing ACN and NaCl) described in the previous section. As shown
in Table 2.5, for Fiber 1 the linear ranges were 0.5-125 ppb (see calibration curves in Figure 2.18),
the r2 values ranged from 0.88-1.00 (average value of 0.96), the MDLs ranged from 0.12-0.81 ppb
(average value of 0.30 ppb), the %RSD values (for repeated experiments, n = 7) ranged from 271

26% (average value of 9%), and the recoveries ranged from 103-135 % (average value of 112%).
It is important to note that the above method performance values, in particular the detection limits,
were very comparable to what Aguinaga et al.29 reported (0.003 to 1.5 µg/L MDLs) for their DISPME-GC-MS infant formula method. However, our performance levels were achieved with 8minute extractions compared to Aguinaga’s 60-minute extractions. As shown in Supporting
Information Table 2.6, for the commercial fiber the linear ranges were 0.5-125 ppb, the r2 values
ranged from 0.92-0.99 (average value of 0.97), the MDLs ranged from 0.14-0.78 ppb (average
value of 0.42 ppb), and the recoveries ranged from 55 -121 % (average value of 81%). Note that
the recoveries were higher for Fiber 1.
2.5.6.2 Stability of Fiber 1 and the commercial fiber in ACN
The extraction of PAHs from baby formula (section 2.5.4) with ACN raised concerns about
the stability of the fibers in this solvent.54 Accordingly, the stability of the fibers in ACN was
probed by soaking them in ACN for 500 min, and then performing an extraction of 16 PAHs (50
ppb) from water. This procedure was repeated three times. Figure 2.19 shows results of PAH
extractions from RO water before and after this stability test: the average extraction efficiency of
Fiber 1 increased by 16%, and the average extraction efficiency of the commercial fiber decreased
by 9%. While these results may suggest that Fiber 1 is more stable than the commercial fiber and/or
that ACN in some way cleans the fiber or improves its extraction efficiency,55 these effects only
appear to be modest. Both fibers appear to show good stability in ACN; however, ACN is generally
considered weakly basic. Future work should consider the evaluation of these fibers in the presence
of strong acids and bases.
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2.6. Conclusion
Sputtered silicon fibers were fabricated using a previously established protocol followed
by vapor phase deposition of 6-PH silane. However, the process of sputtering the silicon was
explored by varying the throw distance (4 and 20 cm) to obtain different morphologies. The SPME
coatings were characterized by SEM, XPS, ToF-SIMS, SE, and contact angle goniometry. The
best fiber produced (Fiber 1: TD 20 cm - Si (2.8 µm)/6-PH (2 nm)) was used to analyze PAHs by
GC-MS. The extraction time was optimized to obtain the best possible extraction for 16 PAHs.
The extraction efficiencies of Fiber 1 and the commercial 7 µm PDMS fiber were similar for the
LMW PAHs, but Fiber 1 showed an extraction efficiency that was ca. 3 times greater for the HMW
PAHs. Indeed, Fiber 1 showed parts per trillion detection limits for the PAHs. Fiber 1 was further
investigated for the analysis of PAHs in baby formula where it showed a detection limit of 0.20
ppb for BaP (the EU maximum limit of BaP in infant food products is 1 ppb). Fiber 1 also showed
negligible carry-over and phase bleed effects. Finally, Fiber 1 shows long-term stability in an
organic solvent (acetonitrile).
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2.9 Figures

Cl
Si

Cl
Cl

Figure 2.1. Structure of trichloro(6-phenylhexyl)silane.

Figure 2.2. Sealed tube (reaction vessel) containing silicon-sputtered fibers and a witness silicon
shard for 6-PH silane deposition.
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Figure 2.3. SEM images of sputtered silicon coatings (ca. 2.8 μm thick) produced with a (a) 20
cm throw distance, (b) 20 cm throw distance with additional 2 nm 6-PH silane film, (c) 4 cm throw
distance. (d) SEM field view of sputtered silicon coated fiber. The tip of the fiber is at the top of
the image. Note: All the surfaces were coated with a thin (20-30 nm) conducting layer of Au/Pd
to avoid/reduce charging.
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Figure 2.4. Scanning electron microscopy (SEM) images of (a) Fiber 1 (throw distance 20 cm, ca.
2.8 µm) with 6-PH (ca. 2.2 nm) on top, (b) bare Fiber 1 (throw distance 20 cm, ca. 2.8 µm), (c)
bare Fiber 2 (throw distance 20 cm, ca. 1.8 µm), (d) bare Fiber 3 (throw distance 20 cm, ca. 0.5
µm), (e) bare Fiber 4 (throw distance 4 cm, ca. 2.8 µm), (f) bare Fiber 5 (throw distance 4 cm, ca.
1.8 µm), and (g) bare Fiber 6 (throw distance 4 cm, ca. 0.5 µm).
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Figure 2.5. Spectroscopic ellipsometry thicknesses as a function of (a) reaction temperature (3
hrs), and (b) reaction time (at 75 °C) for 6-PH silane deposition. The lines here are only guides to
the eye. The decrease in thickness from 3 to 12 h in (b) may not be indicative of a real trend as the
standard deviations of these data points overlap.
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Figure 2.6. Water contact angle goniometry measurements of a bare, planar, unsputtered, witness
shard of silicon, and of a 6-PH film on the same substrate.

Figure 2.7. XPS (a) survey spectra of bare, piranha-treated and 6-PH coated silicon, and (b) C 1s
narrow scan of the 6-PH coated silicon wafer.
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Figure 2.8. High resolution ToF-SIMS mass spectra of 6-PH on sputtered silicon on a silicon
wafer, and silicon sputtered on a silicon wafer with no 6-PH coating.
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Figure 2.9. ToF-SIMS mass spectrum comparison of (a) bare sputtered silicon on a silicon wafer
and (b) 6-PH (ca. 2 nm) deposited on sputtered silicon on a silicon wafer.
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Figure 2.10. Extraction efficiencies of SPME coatings with respect to the throw distances and
coating thicknesses. These results are the averages and standard deviations of three extractions
from different solutions made from the same stock solution (50 µgL-1 of PAHs in DI water) with
one fiber of each of the six types prepared for this study All extraction times were 480 s (see
Experimental). These experiments were performed on the same instrument, under the same
conditions, and in the same time frame (within two days of each other).
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Figure 2.11. Signals (peak areas) of PAH analytes in SPME extractions with Fiber 1 (20 cm /2.8
µm) as a function of extraction time for (a) LMW, and (b) HMW PAHs. These experiments were
performed on the same instrument, under the same conditions, and in the same time frame (within
a few hours of each other).
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Figure 2.12. Calibration curves of PAHs in RO water obtained with Fiber 1.
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Figure 2.13. Chromatogram of 16 PAHs obtained via SPME-GC-MS with Fiber 1 (20 cm /2.8
µm).
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Figure 2.14. Comparison of peak areas of PAHs extracted by Fiber 1 (20 cm/2.8 µm), the
commercial 7 µm PDMS fiber, and the best fiber from our previous study (Si 1.8 µm/ PDMS 16
nm). These experiments were performed on the same instrument, under the same conditions, and
in the same time frame (within two days of each other).
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Figure 2.15. Comparison of carry-over effects between a commercial 7 µm PDMS fiber and Fiber
1 (20 cm/2.8 µm). These experiments were performed using fresh (previously unused) fibers on
the same instrument, under the same conditions, and in the same time frame (within a few hours
of each other).
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Figure 2.16. Comparison of phase bleed from the fiber coatings of Fiber 1 and the 7 µm PDMS
commercial fiber. These experiments were performed on the same instrument, under the same
conditions, and in the same time frame (within a few hours of each other).
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Figure 2.17. Chromatogram of PAHs obtained from 100% baby formula with Fiber 1 and the
commercial 7 µm PDMS.
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Figure 2.18. Calibration curves of PAHs in baby formula obtained with Fiber 1 using the
ACN/NaCl extraction method described in the paper (Section 3.6).
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Figure 2.19. Comparison of extraction efficiencies before and after soaking in ACN for 1500 min
of commercial 7 µm PDMS fiber and Fiber 1.

90

2.10 References
1.

Harvey, R. G., Polycyclic aromatic hydrocarbons. 1st ed.; Wiley-VCH: New York, 1997.

2.

Howsam, M.; Jones, K. C., Sources of PAHs in the Environment. In PAHs and Related

Compounds: Chemistry, Neilson, A. H., Ed. Springer Berlin Heidelberg: Berlin, Heidelberg, 1998;
pp 137-174.
3.

Finlayson-Pitts, B. J.; Pitts, J. N., Tropospheric Air Pollution: Ozone, Airborne Toxics,

Polycyclic Aromatic Hydrocarbons, and Particles. Science 1997, 276 (5315), 1045.
4.

Simoneit, B. R. T., Biomarker PAHs in the Environment. In PAHs and Related

Compounds: Chemistry, Neilson, A. H., Ed. Springer Berlin Heidelberg: Berlin, Heidelberg, 1998;
pp 175-221.
5.

Lemieux, P. M.; Lutes, C. C.; Santoianni, D. A., Emissions of organic air toxics from open

burning: a comprehensive review. Prog. Energy Combust. Sci. 2004, 30 (1), 1-32.
6.

US Environmental Protection Agency Methods for the determination of organic

compounds in drinking water supplement I. Agency, E. P., Ed. National Technical Information
Service: Washington, D. C., 1990.
7.

Fouchécourt, M. O.; Arnold, M.; Berny, P.; Videmann, B.; Rether, B.; Rivière, J. L.,

Assessment of the Bioavailability of PAHs in Rats Exposed to a Polluted Soil by Natural Routes:
Induction of EROD Activity and DNA Adducts and PAH Burden in Both Liver and Lung. Environ.
Res. 1999, 80 (4), 330-339.
8.

Neilson, A. H., PAHs and Related Compounds - biology. 1 ed.; Springer: Berlin,

Heidelberg, New York, 1998; p XXIV,338.

91

9.

Wenzl, T.; Simon, R.; Anklam, E.; Kleiner, J., Analytical methods for polycyclic aromatic

hydrocarbons (PAHs) in food and the environment needed for new food legislation in the European
Union. TrAC Trend. Anal. Chem. 2006, 25 (7), 716-725.
10.

Kobayashi, R.; Okamoto, R. A.; Maddalena, R. L.; Kado, N. Y., Polycyclic aromatic

hydrocarbons in edible grain: A pilot study of agricultural crops as a human exposure pathway for
environmental contaminants using wheat as a model crop. Environ. Res. 2008, 107, 145-151.
11.

Mastrangelo, G.; Fadda, E.; Marzia, V., Polycyclic aromatic hydrocarbons and cancer in

man. Environ. Health Perspect. 1996, 104, 1166-1170.
12.

Nisbet, I. C. T.; LaGoy, P. K., Toxic equivalency factors (TEFs) for polycyclic aromatic

hydrocarbons (PAHs). Regul. Toxicol. Pharmacol. 1992, 16, 290-300.
13.

Straif, K.;

Baan, R.;

Grosse, Y.;

Secretan, B.;

El Ghissassi, F.; Cogliano, V.,

Carcinogenicity of polycyclic aromatic hydrocarbons. The Lancet. Oncology 2005, 6, 931-2.
14.

Santonicola, S.; De Felice, A.; Cobellis, L.; Passariello, N.; Peluso, A.; Murru, N.;

Ferrante, M. C.; Mercogliano, R., Comparative study on the occurrence of polycyclic aromatic
hydrocarbons in breast milk and infant formula and risk assessment. Chemosphere 2017, 175, 383390.
15.

Zelinkova, Z.; Wenzl, T., The Occurrence of 16 EPA PAHs in Food - A Review. Polycycl.

aromat. compd. 2015, 35 (2-4), 248-284.
16.

de Boer, J.; Law, R. J., Developments in the use of chromatographic techniques in marine

laboratories for the determination of halogenated contaminants and polycyclic aromatic
hydrocarbons. J. Chrom. A 2003, 1000 (1), 223-251.

92

17.

Poster, D. L.; Schantz, M. M.; Sander, L. C.; Wise, S. A., Analysis of polycyclic aromatic

hydrocarbons (PAHs) in environmental samples: a critical review of gas chromatographic (GC)
methods. Anal. Bioanal. Chem. 2006, 386 (4), 859-881.
18.

Halsall, C. J.; Coleman, P. J.; Jones, K. C., Atmospheric deposition of polychlorinated

dibenzo-p-dioxins/dibenzofurans (PCDD/Fs) and polycyclic aromatic hydrocarbons (PAHs) in
two UK cities. Chemosphere 1997, 35 (9), 1919-1931.
19.

Barceló, D., Environmental Protection Agency and other methods for the determination of

priority pesticides and their transformation products in water. J. Chrom. A 1993, 643 (1), 117-143.
20.

Al-Rashdan, A.; Helaleh, M. I. H.; Nisar, A.; Ibtisam, A.; Al-Ballam, Z., Determination

of the Levels of Polycyclic Aromatic Hydrocarbons in Toasted Bread Using Gas Chromatography
Mass Spectrometry. Int. J. Anal. Chem. 2010, 2010, 821216.
21.

Dost, K.; İdeli, C., Determination of polycyclic aromatic hydrocarbons in edible oils and

barbecued food by HPLC/UV–Vis detection. Food Chem. 2012, 133 (1), 193-199.
22.

Schulz, C. M.; Fritz, H.; Ruthenschrör, A., Occurrence of 15 + 1 EU priority polycyclic

aromatic hydrocarbons (PAH) in various types of tea (Camellia sinensis) and herbal infusions.
Food Add. & Conta.: Part A 2014, 31 (10), 1723-1735.
23.

Garcia Pinto, C.; Perwez Pavon, J. L.; Moreno Cordero, B., Cloud Point Preconcentration

and High Performance Liquid Chromatographic Determination of Polycyclic Aromatic
Hydrocarbons with Fluorescence Detection. Anal. Chem. 1994, 66 (6), 874-881.
24.

Arthur, C. L.; Pawliszyn, J., Solid phase microextraction with thermal desorption using

fused silica optical fibers. Anal. Chem. 1990, 62, 2145-2148.

93

25.

Jalili, V.; Barkhordari, A.; Ghiasvand, A., Solid-phase microextraction technique for

sampling and preconcentration of polycyclic aromatic hydrocarbons: A review. Microchem. J.
2020, 157, 104967.
26.

Xu, S.; Shuai, Q.; Pawliszyn, J., Determination of Polycyclic Aromatic Hydrocarbons in

Sediment by Pressure-Balanced Cold Fiber Solid Phase Microextraction. Anal. Chem. 2016, 88
(18), 8936-8941.
27.

Wang, Y.; Zhang, J.; Ding, Y.; Zhou, J.; Ni, L.; Sun, C., Quantitative determination of

16 polycyclic aromatic hydrocarbons in soil samples using solid-phase microextraction. J. Sep.
Sci. 2009, 32 (22), 3951-3957.
28.

Guillén, M. D.; Sopelana, P., Headspace Solid-Phase Microextraction as a Tool to Estimate

the Contamination of Smoked Cheeses by Polycyclic Aromatic Hydrocarbons. J. Dairy Sci. 2005,
88 (1), 13-20.
29.

Aguinaga, N.; Campillo, N.; Viñas, P.; Hernández-Córdoba, M., Determination of 16

polycyclic aromatic hydrocarbons in milk and related products using solid-phase microextraction
coupled to gas chromatography–mass spectrometry. Anal. Chim. Acta 2007, 596 (2), 285-290.
30.

Bansal, V.; Kumar, P.; Kwon, E. E.; Kim, K.-H., Review of the quantification techniques

for polycyclic aromatic hydrocarbons (PAHs) in food products. Crit. Rev. Food Sci. Nutr. 2017,
57 (15), 3297-3312.
31.

Diwan, A.; Singh, B.; Roychowdhury, T.; Yan, D.; Tedone, L.; Nesterenko, P. N.; Paull,

B.; Sevy, E. T.; Shellie, R. A.; Kaykhaii, M.; Linford, M. R., Porous, high capacity coatings for
solid phase microextraction by sputtering. Anal. Chem. 2016, 88 (3), 1593-1600.
32.

Azenha, M. A.; Nogueira, P. J.; Silva, A. F., Unbreakable Solid-Phase Microextraction

Fibers Obtained by Sol−Gel Deposition on Titanium Wire. Anal. Chem. 2006, 78, 2071-2074.

94

33.

Rahimi, A.; Hashemi, P.; Badiei, A.; Arab, P.; Ghiasvand, A. R., CMK-3 nanoporous

carbon as a new fiber coating for solid-phase microextraction coupled to gas chromatography–
mass spectrometry. Anal. Chim. Acta 2011, 695, 58-62.
34.

Mehdinia, A.; Aziz-Zanjani, M. O., Recent advances in nanomaterials utilized in fiber

coatings for solid-phase microextraction. TrAC-Trend Anal. Chem. 2013, 42, 205-215.
35.

Koster, E. H. M.; Crescenzi, C.; Den Hoedt, W.; Ensing, K.; De Jong, G. J., Fibers coated

with molecularly imprinted polymers for solid-phase microextraction. Anal. Chem. 2001, 73 (13),
3140-3145.
36.

Rocío-Bautista, P.;

Pacheco-Fernández, I.;

Pasán, J.; Pino, V., Are metal-organic

frameworks able to provide a new generation of solid-phase microextraction coatings? – A review.
Anal. Chim. Acta 2016, 939, 26-41.
37.

Zang, X.; Pang, Y.; Li, H.; Chang, Q.; Zhang, S.; Wang, C.; Wang, Z., Solid phase

microextraction of polycyclic aromatic hydrocarbons from water samples by a fiber coated with
covalent organic framework modified graphitic carbon nitride. J. Chrom. A 2020, 1628, 461428.
38.

Liu, J.-f.; Li, N.; Jiang, G.-b.; Liu, J.-m.; Jönsson, J. Å.; Wen, M.-j., Disposable ionic

liquid coating for headspace solid-phase microextraction of benzene, toluene, ethylbenzene, and
xylenes in paints followed by gas chromatography–flame ionization detection. J. Chrom. A 2005,
1066 (1), 27-32.
39.

Yavir, K.; Eor, P.; Kloskowski, A.; Anderson, J. L., Polymeric metal-containing ionic

liquid sorbent coating for the determination of amines using headspace solid-phase
microextraction. J. Sep. Sci. 2021, n/a (n/a).

95

40.

Zhang, Z.; Wang, Q.; Li, G., Fabrication of novel nanoporous array anodic alumina solid-

phase microextraction fiber coating and its potential application for headspace sampling of
biological volatile organic compounds. Anal. Chim. Acta 2012, 727, 13-19.
41.

Ji, J.; Liu, H.; Chen, J.; Zeng, J.; Huang, J.; Gao, L.; Wang, Y.; Chen, X., ZnO nanorod

coating for solid phase microextraction and its applications for the analysis of aldehydes in instant
noodle samples. J. Chrom. A 2012, 1246, 22-27.
42.

Li, Q.; Wang, X.; Yuan, D., Preparation of solid-phase microextraction fiber coated with

single-walled carbon nanotubes by electrophoretic deposition and its application in extracting
phenols from aqueous samples. J. Chrom. A 2009, 1216 (9), 1305-1311.
43.

Chen, J.; Zou, J.; Zeng, J.; Song, X.; Ji, J.; Wang, Y.; Ha, J.; Chen, X., Preparation and

evaluation of graphene-coated solid-phase microextraction fiber. Anal. Chim. Acta 2010, 678 (1),
44-49.
44.

Li, H.; Hou, B.; Wang, L.; Zang, X.; Wang, C.; Wang, Z., Boron nitride modified reduced

graphene oxide as solid-phase microextraction coating material for the extraction of seven
polycyclic aromatic hydrocarbons from water and soil samples. J. Sep. Sci. 2021, 44 (7), 15211528.
45.

Ji, X.; Feng, J.; Li, C.; Han, S.; Sun, M.; Feng, J.; Sun, H.; Fan, J.; Guo, W., Application

of biocharcoal aerogel sorbent for solid-phase microextraction of polycyclic aromatic
hydrocarbons in water samples. J. Sep. Sci. 2020, 43 (23), 4364-4373.
46.

Mehdinia, A.; Asiabi, M.; Jabbari, A.; Kalaee, M.-R., Preparation and evaluation of solid-

phase microextraction fiber based on nano-structured copolymer of aniline and m-amino benzoic
acid coating for the analysis of fatty acids in zooplanktons. J. Chrom. A 2010, 1217 (49), 76427647.

96

47.

Roychowdhury, T.; Patel, D. I.; Shah, D.; Diwan, A.; Kaykhaii, M.; Herrington, J. S.;

Bell, D. S.; Linford, M. R., Sputtered silicon solid phase microextraction fibers with a
polydimethylsiloxane stationary phase with negligible carry-over and phase bleed. J. Chrom. A
2020, 1623, 461065.
48.

Yang, L.; Lua, Y.-Y.; Jiang, G.; Tyler, B. J.; Linford, M. R., Multivariate Analysis of

TOF-SIMS Spectra of Monolayers on Scribed Silicon. Anal. Chem. 2005, 77 (14), 4654-4661.
49.

Tarlov, M. J.; Newman, J. G., Static secondary ion mass spectrometry of self-assembled

alkanethiol monolayers on gold. Langmuir 1992, 8 (5), 1398-1405.
50.

Górecki, T.; Yu, X.; Pawliszyn, J., Theory of analyte extraction by selected porous

polymer SPME fibres†. Analyst 1999, 124 (5), 643-649.
51.

Prokůpková, G.; Holadová, K.; Poustka, J.; Hajšlová, J., Development of a solid-phase

microextraction method for the determination of phthalic acid esters in water. Anal. Chim. Acta
2002, 457, 211-223.
52.

Vu, D. H.; Koster, R. A.; Wessels, A. M. A.; Greijdanus, B.; Alffenaar, J. W. C.; Uges,

D. R. A., Troubleshooting carry-over of LC–MS/MS method for rifampicin, clarithromycin and
metabolites in human plasma. J. Chrom. B 2013, 917-918, 1-4.
53.

Christen, P.; Bieri, S.; Ilias, Y.; Veuthey, J.-L., Evaluation of Solid-Phase Microextraction

Desorption Parameters for Fast GC Analysis of Cocaine in Coca Leaves. J. Chrom. Sci. 2006, 44,
394-398.
54.

Shirey, R. E., 4 - SPME Commercial Devices and Fibre Coatings. In Handbook of Solid

Phase Microextraction, Pawliszyn, J., Ed. Elsevier: Oxford, 2012; pp 99-133.

97

55.

Kudlejova, L.; Risticevic, S.; Vuckovic, D., 7 - Solid-Phase Microextraction Method

Development. In Handbook of Solid Phase Microextraction, Pawliszyn, J., Ed. Elsevier: Oxford,
2012; pp 201-249.

98

CHAPTER 3: Evaluation of New, Sputtered Carbon SPME Fibers with a Multi-Functional
Group Test Mixture

3.1 Statement of Attribution
This article was originally published as Patel, D. I.; Roychowdhury, T.; Jacobsen, C.;
Myres, C.; Herrington, J. S.; Linford, M. R. Evaluation of New, Sputtered Carbon SPME Fibers
with a Multi-Functional Group Test Mixture. Separations 2021, 8, 228.

3.2 Abstract
We report the fabrication of sputtered carbon, solid phase microextraction (SPME) fibers
that have competitive extraction capabilities compared to the commercial carbon wide range
(CWR) SPME fiber. This report also includes a demonstration of a newly developed SPME test
mix that includes 15 different compounds with a wide range of functional groups and chemical
properties. The fiber fabrication process involves sputtering carbon onto fused silica fibers, and
the effects of throw distance on the morphology of the carbon coatings were studied. Four different
carbon coating thicknesses were evaluated with PDMS added as a stationary. These fibers were
characterized with multiple analytical techniques, including scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), water contact angle (WCA) goniometry, and headspace
(HS)- and direct immersion (DI)-SPME-GC-MS. The best (11.5 µm) sputtered carbon SPME
fibers, with and without PDMS, were evaluated using the new evaluation mix and compared to the
commercial CWR fiber and a previously sputtered/developed silicon fiber. The new probe mix
helped elucidate differences amongst the fibers, which would have been missed by current
commercial test mixes. The sputtered carbon SPME fibers showed similar functional group
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selectivity as commercial CWR fibers. However, the sputtered carbon fibers showed higher
responses per volume compared to the commercial CWR fiber, indicating the porous morphology
of the sputtered carbon has the ability to overcome large phase thickness/volume discrepancies
and increase the relative recovery for various compounds.
Keywords: SPME; test mix; carbon; sputtering; gas chromatography
3.3 Introduction
Solid phase microextraction (SPME) is a green, solventless sampling technique that has
grown rapidly since its introduction by Arthur and Pawliszyn.1 SPME requires little to no sample
preparation; and allows for high throughput and automated analysis via robotics. It is commonly
used in tandem with gas chromatography (GC) and liquid chromatography (LC). SPME is a
remarkable tool that is widely accepted by the scientific community. It is used in environmental,2
pharmaceutical,3 biological,4 forensic,5 food,6 and natural product analyses.7
SPME uses different coatings that are immobilized on fused silica fibers or metal wires.
The technique is based on the distribution of analytes between the coating and the sample matrix,
which is followed by desorption of the extracted analytes from the SPME coating. Due to its
selectivity and sensitivity, SPME plays a pivotal role in the extraction of many different analytes.
Thus, there are different commercial coatings available, e.g., polydimethylsiloxane (PDMS),
polyacrylate (PA), carboxen/polydimethylsiloxane (CAR/PDMS), and PDMS/divinylbenzene
(DVB). However, these commercial fibers suffer from various drawbacks. For example, the fibers
and coatings may be fragile, weakly adhered to each other, show poor thermal stability, short
lifetimes, high carry-over, and high phase bleed.8
In the past decades, new materials for SPME coatings have been explored. These include
mesoporous silica nanoparticles (MSNs),9 molecularly imprinted polymers (MIPs),10 metal
100

organic frameworks (MOFs),11 ionic liquids (ILs),12 metal oxides,13,

14

carbon nanotubes,15

graphene,16, 17 and conducting polymers.14 Our group has demonstrated the use of porous, sputtered
silicon coatings for SPME.18-20 These sputtered coatings have very high surface areas and allow
subsequent functionalization with organic thin films. These coatings have shown promising results
in the analysis of amines, alcohols, aldehydes, and PAHs. Sputtering, which remains largely
unexplored in chromatography and SPME, is very widely used in industry, including in
semiconductor manufacturing, to produce microelectronic devices, optical materials, biochip
arrays, sensors, and catalysts.21, 22 Sputtering is a type of physical vapor deposition.18 Sputter
processes use solid (often elemental) targets as a source, where atoms are ejected from the target
by bombardment with gas ions in a vacuum. The ejected atoms strike/coat a substrate. At oblique
angles of deposition, shadowing may lead to the production of porous coatings with columnar
microstructures and high capacities for analytes.23-25Carbon-based materials have played an
important role in SPME. Among these, porous carbon,26 mesoporous graphene aerogels,27 carbon
spheres,28,

29

graphene,17 and carbon nanotubes15 have been of particular interest for

chromatographers. These coatings are mostly used for the analysis of polyaromatic hydrocarbons
(PAHs).
Despite the recent progress in SPME materials, coatings, and configurations, very little has
been done to systematically benchmark these advances over a wide range of chemical classes. For
over six decades now, the performance of chromatographic systems has been evaluated with
standardized test mixes like those developed by Kovats30, 31, McRenyolds32, and Grob33. However,
this degree of systematic evaluation of SPME devices appears to be absent from the literature;
relatively little effort has gone into developing appropriate test mixes for SPME. Indeed, the
majority of SPME manuscripts have only considered one or two compound classes. For example,
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Khaled and Pawliszyn only focused on alkanes34, Kremser et al.35, Patel et al.,19 and
Roychowdhury et al.20 only evaluated PAHs in water and baby formula, Myers et al. only worked
on terpenes in cannabis matrices36, and Koziel et al. and Wang et al. only tested a few aromatics37,
38

. Of course, there are SPME studies that consider multiple classes of compounds; however, they

are generally application specific. For example, Stefanuto et al. evaluated esters, fatty acids,
alcohols, phenols, terpenoids/ketones/aldehydes, and nitrocyclic compounds for the aroma
profiling of beer,39 and Eckert et al. looked at alkanes, aromatics, aldehydes, sulfides, and alcohols
for microbiological VOC profiling.40 An extensive literature search only produces a couple of
SPME studies that are non-application-specific and provide a systematic evaluation of SPME
devices spanning across several chemical classes. Most notably, Grandy et al. developed standard
gas generation vials for modified McReynolds standards including benzene, 2-pentanone, 1nitropropane, pyridine, 1-pentanol, octane, dodecane, and hexadecane.41However, this compound
list is relatively short and lacks functional group diversity, i.e., three of the eight compounds are
aliphatic alkanes. The reasons for a lack of non-application-specific SPME studies bridging across
several chemical classes/functional groups is not clear. It may be that the industries and markets
served by SPME do not necessitate broad coverage of chemical classes in non-application-specific
scenarios. Another possibility may be the fact that the few commercially available SPME fiber test
mixes that exist are limited in scope and only include nitrobenzene and 2-nitrotoluene. Regardless
of the reasons, the current work sets out to develop and use a diverse group of compounds spanning
across multiple functional groups, and specific compounds of interest. The intent behind this
SPME test mix is to create a standard that will help elucidate incremental and/or significant
differences in SPME materials, coatings, configuration, etc.
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Our previous work on sputtered SPME coatings focused on silicon coatings. However, as
noted above, carbon materials/coatings have also been important for SPME. Here we report
porous, sputtered carbon SPME coatings and also a new SPME evaluation mix to test those fibers.
Fibers with porous carbon coatings of four different thicknesses (0.25. 2.5, 11.5 and 20 µm), with
and without a PDMS stationary phase, were evaluated with the new SPME evaluation mix. This
mix contains a variety of chemical properties/functional groups including alkane, cycloalkane,
chloroalkane, diene, alcohol, diol, ketone, amine, sulfonyl, aromatic, phenol, heterocyclic, and
terpenoid. This report also describes characterization of our new SPME coatings using scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and water contact angle
(WCA) goniometry. Please note that the sputtered carbon coatings described in this chapter were
produced on silica fibers, which I describe here as ‘sputtered carbon fibers’.

3.4 Experimental
3.4.1 Materials
Polyimide coated silica fibers (Part# 1068000066) were purchased from Polymicro
Technologies (Phoenix, AZ, USA). Carbon (99.99%) targets (3” dia. x 0.125” thick) were
purchased from Plasmaterials (Livermore, CA, USA). Sylgard® 184 silicone elastomer base and
curing agent were purchased from Dow Corning Corp. (Midland, MI, USA). Epo-Tek 353NDT
epoxy glue was purchased from Fosco Fiber Optics (Livermore, CA, USA). Single-sided Kapton®
tape, 6.3 mm x 32.9 m, was purchased from Ted Pella (Redding, CA, USA). SPME fiber
assemblies were provided by the Restek Corp. (Bellefonte, PA, USA). Grob’s test mix (cat. #
35000), Kovats’ test mix (cat. # 35258), and the custom test mix shown in Table 3.1 were provided
by the Restek Corp. (Bellefonte, PA, USA).
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Table 3.1. Custom test mix used to evaluate SPME fiber performance across a range of functional
groups.
Compounds

Functional groups

Properties

Dicyclohexylamine

Cycloalkane, Amine

Irreversible adsorption

4-Methyl-2-pentanone
(MIBK)

Alkane, Ketone

Proton acceptor

2-Picoline

Arene, Amine

Acid-base interactions

n-Pentane (C5)

Alkane

Nonpolar, short chain,
volatile alkane

1,4-Butanediol

Alkane, Alcohol

Short chain, volatile
alkane, hydrogen
bonding

1-Octanol

Alkane, Alcohol

Fatty alcohol, hydrogen
bonding

N,N-Dimethylaniline

Arene, Amine

Aromatic pi-pi
interactions, irreversible
adsorption

Sulfolane

Sulfonyl

Polar aprotic solvent

2,6-Di-tert-butyl-4methylphenol (BHT)

Arene, Alcohol

Aromatic pi-pi
interactions, hydrogen
bonding

Arene

PAH of interest,
aromatic pi-pi
interactions

Structure

Acenaphthylene
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2,6-Dimethylphenol

Phenol

Aromatic pi-pi
interactions, acid-base
interactions

n-Docosane (C22)

Alkane

Nonpolar, long chain,
semi volatile alkane

Chloroform

Haloalkane

Very volatile alkyl
chloride

Linalool

Alkane, Alcohol

Monoterpene alcohol of
interest, hydrogen
bonding

Hexachlorobutadiene

Haloalkane

Highly halogenated,
unsaturated alkane

3.4.2 Fiber Preparation
3.4.2.1 Sputtered carbon coatings on fused silica fibers
Sputtering was carried out with a carbon (99.99%) target in a PVD 75 (Kurt J. Lesker Co.)
sputtering tool. Fused silica fibers were positioned on the substrate platen perpendicular to the
incoming vapor flux. This arrangement of the fibers leads to shadowed/oblique angle deposition
(OAD) that results in a porous morphology. The pressure and power in the depositions were 4
mTorr and 400 W, respectively. Fibers were sputtered at different throw distances (4, 12, 20 cm)
and times (6, 13, 26 h) to obtain different morphologies and thicknesses. SEM was used to
characterize the different sputtered carbon surfaces.
3.4.2.2 PDMS deposition on sputtered carbon coatings
As previously reported, carbon-sputtered fibers and witness silicon shards (also carbonsputtered) were positioned ca. 2 cm above freshly mixed (prepolymer and curing agent, 10:1)
Sylgard 184 in a ceramic vessel on an aluminum slab, which was then placed in an oven at 300 °C
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for 12 h under ambient conditions.20 This process resulted in the deposition of a thin, hydrophobic
film of PDMS. After PDMS deposition, the sputtered fibers were cleaned with toluene and
deionized (DI) water and dried with a jet of nitrogen. These coatings were then characterized by
SEM, XPS, and WCA goniometry. Finally, the fibers were attached to SPME assemblies with
epoxy glue and evaluated using SPME-GC-MS.
3.4.3 HS/DI-SPME-GC-MS analysis
Headspace (HS) and direct immersion (DI)-SPME parameters, and GC-MS conditions
used for analysis of the SPME test mixes are described in Tables 2 and 3, respectively.

Table 3.2. HS/DI SPME parameters
CTC PAL Parameters
HS / DI Modes
Conditioning Temperature
Conditioning Time
Pre Conditioning
Post Conditioning
Vial Penetration Depth
Incubation / Extraction Temperature
Incubation / Extraction Time
Injector Penetration Depth
Desorption Time

280 °C
60 s
Yes
No
35 mm
300 s
120 s
50 mm
60 s

Table 3.3. GC-MS parameters

Column

Agilent 7890B/5977B GC-MS Parameters
Rxi-624Sil MS – 30m x 0.25mm x 1.4µm (Cat# 13868)

Injection
Mode
Liner
Injector Temperature

See CTC PAL Parameters
Split (50:1)
Topaz 0.75 mm ID Straight/SPME Inlet Liner (Cat# 23434)
280 °C
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Purge Flow

3 mL/min

Oven

50 °C (hold 1 min) to 150 °C by 15 °C/min to 280 °C (hold 5 min) by 25
°C/min

Carrier Gas
Flow Rate

He
1.4 mL/min (Constant Flow)

Detector
Mode
Transfer Line Temp.
Source Temp.
Quad Temp.
Solvent Delay
Acquisition Range
Frequency

HES-MS
Full Scan
300 °C
325 °C
200 °C
1 min
35 – 350 m/z
4.5 scans/sec

3.5 Results and Discussion
3.5.1 Material Characterization
SEM was used to characterize the surface morphology of the sputtered carbon coatings that
were deposited at three different throw distances (4, 12, 20 cm). As shown in Figure 3.1, coatings
produced at the 4 cm throw distance were more porous than the other two. We attribute this
substantial difference in morphology to the directionality of the process. Based on previous
calculations,18 the mean free path for carbon atoms in this process is 1.32 cm. Accordingly, at a
throw distance of 12 or 20 cm the process should be non-directional. However, at a 4 cm throw
distance, carbon atoms only have to travel three mean free paths, which should lead to a more
directional process. This directional sputtering results in a highly porous morphology. Because of
the greater porosity of the fibers produced with the 4 cm throw distance, only these fibers were
considered in this study. The thicknesses of sputtered coatings were measured by SEM (see Figure
3.2). The small globules/spots in Figure 3.1d provide visual evidence for PDMS deposition on the
sputtered carbon coating. In addition, as was the case in our previous study,20 spectroscopic
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ellipsometry provided an average thickness of the PDMS coating of 16 nm on witness silicon
shards.
XPS and WCA goniometry were also used to analyze the elemental compositions and
hydrophobic natures of the surfaces, respectively. However, because of their small size, sputtered
SPME fibers are difficult to characterize using XPS and WCA goniometry. Thus, the same
deposition processes were replicated on witness silicon shards, which were then characterized by
XPS and WCA goniometry. Figure 3.3 shows the XPS survey spectra42 of a bare silicon wafer,
carbon sputtered on a silicon wafer, and PDMS deposited on a sputtered carbon surface. The
expected changes in the elemental compositions of the materials are evident. For example, the bare
silicon wafer shows the expected O 1s, O 2s, O Auger, Si 2s, Si 2p, and C 1s signals, where the C
1s signal is attributed to adventitious carbon (surface contamination). After sputtering of carbon,
a drastic increase in the C 1s signal is observed, while the Si 2s, Si 2p, and O 1s signals decrease
substantially. The C to O atomic ratio (ca. 7:1) obtained from the survey scan of the sputtered
carbon coating suggest a significant amount of sp2 character in the upper 5-10 nm of the material,
which is the sampling depth of XPS. This is consistent with the C 1s narrow scan of the material,
which basically shows a single peak with significant asymmetry (a tail towards higher binding
energy) (see Figure 3.4). Strong Si 2s, Si 2p, and O 1s signals are again observed after PDMS
deposition on the carbon surface. The advancing WCAs are consistent with the expected changes
in the material, changing from ca. 12° for the bare silicon surface, to 65° for the carbon-coated
surface, to 133° for the PDMS-coated surface (see Figure 3.5), which also shows the static and
receding contact angles for these surfaces). These results suggest that the bare carbon surface has
both sp2 character and C-O containing functional groups. The PDMS stationary phase presumably
then adds more functionality to this material.
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3.5.2 HS-SPME-GC-MS evaluation of sputtered carbon fibers with commercially available
test mixes
Four different sputtered carbon SPME fibers were prepared with the following carbon
thicknesses: 0.25, 2.5, 11.5, 20 µm, and coated with the PDMS stationary phase.20 Carbon is
expected to provide complicated interactions with analytes, i.e., via sp2 type graphitic carbon and
oxygenated carbon species. The interactions of the analytes with the PDMS stationary phase are
also expected to be substantial, where the PDMS is expected to help trap/retain analytes. Initial
testing of the fibers was conducted with a mixture of commercially available Kovats’ and Grob’s
test mixes. These analyses were performed in HS mode (by HS-SPME-GC-MS) because of the
volatile nature of many of the analytes in these mixes. As shown in Figure 3.6, the analytical
responses of our sputtered carbon fibers are less than desired for some of the compounds, e.g., 2,3butanediol and 1-octanol, but this observation is expected given the hydrophobic nature of sp2
carbon and PDMS. However, the hydrophobic compounds like heptane and octane, which were
extracted more efficiently, showed higher variability than desired (note the y-error bars (standard
deviations) in Figure 3.4). These observations are consistent with previous studies, as Linford et
al. demonstrated that sputtered silicon coatings perform better in DI mode.19, 20 The lower-thandesired analytical response of our sputtered carbon fibers in HS mode may be attributed to an
inefficiency of extraction of some analytes with high vapor pressures and lower molecular weights
because of the relatively thin coatings of our SPME fibers, i.e., when compared to the 95 µm
carbon wide range (CWR) commercially available SPME fiber. In general, the thicker sputtered
carbon coatings seem to show higher responses, which is consistent with intuition and the
aforementioned theory. Accordingly, we chose to further study the 11.5 µm sputtered carbon fibers
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with our custom evaluation mix (see next section) because it provided the best level of
performance, i.e., the highest sum of responses of all compounds relative to the other thicknesses.

3.5.3 New SPME Evaluation Mix
While results from the Kovats’ and Grob’s test mixes suggested that the 11.5 µm sputtered
carbon SPME fiber was our best performing fiber, the combined mixes do not have the desired
chemical diversity. More specifically, one third of the compounds, i.e., five of the fourteen, are
alkanes (see Figure 3.4), and only a few additional functional groups are represented in the
remaining nine compounds. Accordingly, we set out to develop our own custom test mix to capture
a more diverse selection of functional groups and compounds of interest. The list of these fifteen
compounds, including their structures, functional groups, and properties is provided in Table 3.1.

3.5.4 Comparison of commercial CWR and sputtered carbon SPME fibers with our new
test mix
Figure 3.7 shows a comparison of our 11.5 µm sputtered carbon SPME fibers (with and
without PDMS) to the commercial CWR SPME fiber using our new test mix. Note that this
comparison was made in direct immersion mode. Sulfolane in our new test mix was not detected
for any of the fibers, which suggests that using sulfolane in the custom test mix was successful in
demonstrating that carbon-based SPME fibers lack the appropriate polarity and strength to
overcome sulfolane’s strong affinity for water. This observation may prove useful in the future
when evaluating more polar stationary phases, which are virtually absent from the commercial
SPME market. When considering the raw data for the remaining fourteen probes, with the
exception of 2-picoline and docosane, the commercial CWR fiber outperforms the sputtered
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carbon fibers. The 2-picoline observation (p ≤ 0.05) suggests that the sputtered carbon SPME fiber
has a particularly strong affinity for bases, presumably through carboxyl groups on the carbon
surface. However, a direct comparison between the commercial CWR fiber and sputtered carbon
fibers is difficult and may not be appropriate because the CWR fiber is considerably thicker, i.e.,
95 µm vs. 11.5 µm. These results suggest that phase thickness/capacity may dominate any
functional group selectivity, which is not unexpected. The fact that the custom test mix did not
reveal any significant differences in functional group affinities, except for 2-picoline, is consistent
with the fact that all three fibers are composed of carbon.

It is important to note that the ratios of the signals from the commercial CWR fiber (95
µm) to our 11.5 µm carbon fiber were greater than or equal to 8:1 for pentane, chloroform, MIBK,
linalool, and 2,6-dimethylphenol, where this ratio is approximately that of the carbon thicknesses
on the fibers. However, the ratios of the signals from the remaining nine compounds were 3:1 or
less, suggesting that the morphology/chemistry of the sputtered carbon fibers was able to overcome
the phase thickness discrepancy for the majority of compounds evaluated. It is difficult to draw
any definitive conclusions here without comparable phase thicknesses. Nevertheless, while phase
thickness is an important consideration for extraction/desorption efficiencies and capacity, our
previous work comparing 100 µm PDMS traditional SPME fibers to 100 µm SPME Arrows,
indicates that phase volume must be considered43. For example, the SPME Arrow has ca. 6 times
the phase volume of a traditional SPME fiber (with the same 100 µm phase thickness), and it
produced ca. 4x the response, on average, for 92 VOCs evaluated43. Albeit a rather intuitive
observation, these previous conclusions highlight the importance of phase volume, and therefore
suggest that correcting the current results for phase volume may provide more insightful
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comparisons on the strength/extraction capacity of our sputtered carbon fibers. The 95 µm
commercial CWR fiber and the sputtered carbon fibers have phase volumes of ca. 0.60 and 0.05
µL, respectively. Figure 3.8 shows a comparison of our sputtered carbon fibers, with and without
PDMS, to the commercial CWR fiber, where the analytical response has been normalized to phase
volume, i.e., analytical response/phase volume. These results show that on a per volume basis our
fiber is competitive with the commercial fiber, often outperforming it. In most cases, the PDMS
coated sputtered fiber performed better than the bare fiber.

The volume-normalized responses in Figure 3.8 are significantly (p ≤ 0.05) higher for our
sputtered carbon SPME fibers (with and without PDMS) than the commercial CWR SPME fibers,
with the exception of those for n-pentane, chloroform, and linalool. However, it is not clear from
these results whether the sputtered carbon fibers extract and/or desorb more efficiently. The
extraction strength of our sputtered carbon fibers is consistent with our previous observations that
the cauliflower morphology of the sputtered SPME fibers affords a great deal of surface area for
extraction.19,

20

In addition, our previous carry-over studies have demonstrated that sputtered

SPME fibers desorb more efficiently.19, 20 The implications of the current observations, and those
of previous studies are that both sputtering silicon and carbon (with and without functionalization,
e.g., PDMS and 6-phenylhexylsilane) is a powerful approach to improving SPME fiber responses,
especially if the sputtered surfaces were to be applied at volumes comparable to the commercially
available SPME fibers, e.g., 95 µm.
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3.5.5 Comparison of sputtered carbon and sputtered silicon SPME fibers with our new test
mix
One of the objectives of the current study was to develop a test mix with a diverse set of
functional groups, which in theory will help investigators elucidate differences amongst SPME
fiber coatings. We discussed above comparisons between the commercial CWR SPME fiber and
our sputtered carbon SPME fibers (with and without PDMS). Despite all three fiber configurations
being carbon-based, we were hoping to elucidate functional group affinities, which are attributable
to the cauliflower morphology of our sputtered fibers and their sp2 carbon (and other chemical)
characteristics. We are able to confidently say that our sputtered carbon fibers have a strong affinity
for 2-picoline and potentially other bases, presumably through carboxyl groups on its surface.
Beyond the aforementioned observation, it is difficult to draw any definitive conclusions on
additional functional group affinities. Consequently, we compare the current sputtered carbon
SPME fibers (with and without PDMS) with our previous sputtered silicon SPME fibers (with 6phenylhexlsilane) in an attempt to draw out differences amongst these SPME fiber coatings using
our custom test mix19. The results of this experiment are shown in Figure 3.9, where both sputtered
carbon fibers outperformed the sputtered silicon fiber, except for 1-octanol, linalool, n-ndimethylamine, dicyclohexylamine, and acenaphthylene.

Similar to the previous comparisons with the commercial CWR SPME fiber, a majority of
these observations may be attributable to phase thickness/volume. However, the sputtered silicon
SPME fibers performance with N,N-dimethylamine and dicyclohexylamine were significantly
higher (p ≤ 0.05) than the sputtered carbon SPME fibers. This trend is present despite the fact that
sputtered silicon fiber has less phase volume than the sputtered carbon fibers, i.e., 2.8 µm vs. 11.5
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µm thickness, respectively. These results suggest a legitimate functional group affinity to the
sputtered silicon phase. In particular, N,N -dimethylamine and dicyclohexylamine were chosen to
potentially demonstrate irreversible adsorption, which may be the case with the sputtered carbon
fibers. Nevertheless, this adsorption was not entirely irreversible on the sputtered carbon fibers,
i.e., there is a response for N,N-dimethylamine and dicyclohexylamine. The sputtered silicon
SPME fiber does not extract pentane and chloroform at all. These C5 and C1 compounds were
probably not extracted due to a lack of phase thickness of the sputtered silicon relative to sputtered
carbon fibers. It is possible these compounds were never extracted and/or they desorbed/were lost
before the fiber reached the GC inlet. Another possibility is that these lower molecular weight
species were replaced by higher molecular weight compounds due to competitive adsorption,
which we have previously observed with our sputtered fibers.18-20 This observation would
otherwise have been missed by the Kovats’ and Grob’s mixes, which only go down to C7
compounds. Overall, the sputtered carbon fiber with PDMS provided higher efficiencies over the
sputtered carbon fiber without PDMS, with the exception of linalool, 2,6-dimethylphenol, and
acenaphthylene.

This

general

trend

is

probably

due

to

the

extra

phase

thickness/volume/hydrophobicity afforded by the PDMS, regardless of the functional group.
However, this observation is only significant (p ≤ 0.05) for half of the compounds. Finally, we
note that on a per volume basis, the sputtered silicon fiber outperforms the sputtered carbon fibers
for 11 of the 15 compounds in the test mix (see Figure 3.10). The strong performance of the
sputtered silicon fiber is presumably the result of its unique chemistry (aromatic ring, alkyl chain,
unfunctionalized silanol groups, and siloxane bonds) and morphology. This chemistry may be
more controlled than that of the air-oxidized sputtered carbon.
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The new carbon fibers described in this work are reusable, i.e., the results shown here were
generated from multiple runs on the same fibers. In addition, our previous work with sputtered
SPME fibers has demonstrated that our sputtered coatings are robust enough for numerous
(hundreds of) runs. However, because we deposited our coatings on a traditional SPME fiber
platform, they should suffer the same fate as commercially available, traditional SPME fibers, i.e.,
mechanical failures.43 Extensive lifetime testing has not been performed on the current carbon
fibers. Future work will need to address this issue.

3.6 Conclusions
A sputtered carbon SPME fiber deposited at different throw distances was explored. These
coatings were characterized by SEM, XPS, SE, and contact angle goniometry. The best coatings
produced (11.5 µm carbon, with and without PDMS) were evaluated by DI–GC–MS. Sputtered
carbon SPME fibers showed similar functional group selectivity as commercial CWR fibers.
However, the sputtered morphology has again shown the ability to overcome phase
thickness/volume discrepancies and increase the relative recovery for some compounds.
Additionally, a new SPME evaluation mix was developed, which con-sists of 15 compounds with
different functional groups and chemical properties. Pentane, chloroform, 2-picoline, and sulfolane
provided valuable insights into the coating/stationary phase behavior, which would otherwise have
been missed by the tradition-al probe mixes. N,N-dimethylamine and dicyclohexylamine, which
are present in the Ko-vats’ and Grob’s test mixes, continue to show their value in the current study.
The sputtered carbon fibers showed better responses per volume of the coatings than the
commercial CWR fibers. Future work may include expanding the test mix to include fatty acids,

115

nitro groups, and pesticides of interest. In addition, a more systematic exploration of this test mix
with traditional SPME fibers should be performed.
Our previous and current studies suggest that sputtered SPME fibers offer the following potential
advantages, which should be further perused in future research: (i) high surface area/volume ratios
afforded by their cauliflower morphology; (ii) the high surface area/volume ratio means sputtered
fibers have shown a great deal of promise using very thin films of phase; (iii) as a result of the
aforementioned, the fibers tend to exhibit low phase blead and low carryover; (iv) with little phase
on the sputtered coatings, the phase swelling/stripping typically encountered with traditional
SPME fiber phases during DI mode appears to be absent. These advantages make sputtered SPME
devices very promising for DI applications, which are probably the future for SPME devices in
general. Future work should also include the investigation of thicker sputtered coatings.
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3.9 Figures

Figure 3.1. Top view SEM images of sputtered carbon deposited at throw distances of (a) 20 cm,
(b) 12 cm, (c) 4 cm, and (d) with PDMS on top of the 4 cm coating.
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Figure 3.2. SEM images of cross section of sputtered carbon coatings with thicknesses of (a) 0.5
µm, (b) 2.5 µm, (c) 11.5 µm, and (d) 20 µm.
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Figure 3.3. XPS survey scans of (a) a bare silicon surface, (b) a silicon surface coated with
sputtered carbon, and (c) a sputtered carbon surface after PDMS deposition.
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Figure 3.4. XPS C 1s narrow scan of sputtered carbon coatings with and without PDMS.
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Figure 3.5. Static, advancing, and receding WCAs of a bare silicon surface, a silicon surface
coated with sputtered carbon, and the carbon surface coated with PDMS. The error bars for these
results are smaller than the symbols used here.
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Figure 3.6. Comparison of HS-SPME-GC-MS results of sputtered SPME fibers with different
carbon thicknesses. These fibers were also coated with PDMS. n=3 for each compound and y-error
bars represent standard deviations.
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Figure 3.7. Comparison of DI-SPME-GC-MS results for 11.5 µm sputtered carbon SPME fibers
and the commercial CWR SPME fiber. n=3 for each compound and y-error bars represent standard
deviations.

123

Figure 3.8. Volume normalized responses of DI-SPME-GC-MS results for 11.5 µm sputtered
carbon SPME fibers and the commercial CWR SPME fiber. This is same data as in Figure 3.7 in
normalized form.
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Figure 3.9. DI-SPME-GC-MS results for 11.5 µm sputtered carbon SPME fibers and a 2.8 µm
sputtered silicon SPME fiber. n= 3 for each compound and y-error bars represent standard
deviations.
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Figure 3.10. Volume normalized responses of DI-SPME-GC-MS results for 11.5 µm sputtered
carbon SPME fibers and previous sputtered silicon SPME fiber. This is same data as in Figure 3.9
in normalized form.
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Chapter 4: Flow Through Atmospheric Pressure – Atomic Layer Deposition (AP-ALD)
Reactor for Thin Film Deposition in Capillary Columns

4.1 Statement of Attribution
This article was submitted as Patel, D. I.; Major, G. H.; Jacobsen, C., Shah, D.; Strohmeier,
B. S.; Shollenberger, D.; Bell, D. S.; Argyle, M. D.; Linford, M. R. Flow Through Atmospheric
Pressure – Atomic Layer Deposition (AP-ALD) Reactor for Thin Film Deposition in Capillary
Columns. Analytical Chemistry, 2021, submitted.

4.2 Abstract
We demonstrate the development of a new atmospheric pressure – atomic layer deposition
(AP-ALD) system to coat the inner walls of capillary columns for gas chromatography (GC).
Unlike traditional ALD, this reactor operates at near atmospheric pressure. Our new reactor
addresses the challenges of depositing thin films inside capillaries, e.g., long pump down times,
deposition in a very high aspect ratio material, temperature control, etc. We show ALD of alumina
in 5 and 12 m capillaries (0.53 mm ID) via sequential half reactions of trimethylaluminum (TMA)
and water. Our system yields pinhole free, uniform thin films. It includes small witness chambers
for witness silicon shards before and after the capillary. A flow/transport analysis of the device is
provided. Our ALD alumina thin films are characterized by spectroscopic ellipsometry (SE), Xray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), and energy
dispersive X-ray spectroscopy (EDX). Alumina film growth was 1.3-1.5 Å/cycle, which is
consistent with previously reported results. For example, a thin, uniform (13-15 nm) alumina film
was produced in a 12 m capillary from 100 TMA/water cycles, which took about 6 h. Film
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thickness measurements by SE on witness shards and by TEM at both ends of the capillary are in
very good agreement. A capillary column coated with alumina was used to separate different gases
by GC, although the retention times of the gases were essentially the same as with an untreated
fused silica capillary. This successful deposition of ALD alumina opens the door for other possible
ALD coatings, including hybrid organic-inorganic coatings, using the 450+ ALD precursors
available.
Keywords: Gas chromatography (GC), fused silica capillary column, atomic layer
deposition (ALD), thin film, alumina

4.3 Introduction
Atomic layer deposition (ALD) is a powerful and increasingly important technique for
controlled thin film deposition. Suntola and coworkers1 first used this process to produce
electroluminescent ZnS displays. At that time, the technique was known as “atomic layer epitaxy”.
ALD uses the separate, sequential half reactions of two precursors with substates, which are
separated with a purging step.2, 3 Most ALD precursors have high vapor pressures, which allows
them to be easily transported into the reaction chamber. ALD generally provides controlled
deposition, conformality, non-directionality, and pinhole free, uniform coatings.3-5 ALD is used to
deposit a wide range of materials, including metal oxides,5-8 metal nitrides,9 metal sulfides,10
reduced metals,11 and other non-traditional materials.5, 12, 13 Our group has reported ALD of silica
on carbon nanotubes (CNTs) to make thin layer chromatography plates,14, 15 ALD of alumina and
zinc oxide on zirconia particles,16 area selective ALD using salt barrier layers,17 the optical
constants of ALD alumina,18 and a tutorial on X-ray photoelectron spectroscopy (XPS) survey
spectra of ALD alumina films.19
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Suntola and coworkers described different types of ALD reactors in their patents on the
topic.20, 21 Most of these use pumping or an inert carrier gas for removal of excess reagents. ALD
in these reactors was mostly performed at low pressures. Numerous ALD reactor designs and
processes have subsequently been explored. These include fluidized bed reactors to coat particles,
rotary reactors, roll-to-roll systems to continuously coat polymer sheets, and flow through
reactors.5, 16, 22 Early ALD work includes reports of atmospheric pressure (AP) - ALD of different
materials, where precursors were delivered with an inert gas.22-31 Other designs have included
mechanisms for passing the substrate back and forth between different chambers containing
different ALD precursors, which is known as spatial ALD. Using these designs, ALD of ZnO(N),31
ZnS,32 ZnO,28-30 GaAs,33 HfO2,26, 27 and ZrO224, 25 have been demonstrated. Yoshii et al.24 reported
ALD of ZrO2 in a flow tube reactor that included three different flow zones for ZrCl4 vapor, O2,
and inert gas. The substrate was exposed and cleaned sequentially in these zones to yield the
desired film. Levy et al.28 demonstrated low temperature ZnO deposition by spatial ALD using
printer heads to deliver the precursors via an inert gas. AP-ALD reactors and processes have their
own set of challenges for achieving the desired thicknesses and properties of thin films. These
challenges include delivery of the precursors to the substrates, the effects of pressure on ALD
surface reactions, the effects of the chamber/zone geometry, gas flow rates, the chemistry of the
reactants, the purge times of inert gases, and lower gas diffusion constants at higher pressures.5, 22,
23

Parsons and coworkers22, 23, 34 studied the effects of various ALD deposition parameters, e.g.,

temperature and gas flow rates, in a flow tube reactor from 2 – 760 Torr.
Applications of ALD include thin film coatings in semiconductor devices, energy storage
devices, solar panels, and photocatalyst synthesis.3,

5, 35

In some cases, ALD processes are

advantageous because they allow materials to be deposited at lower temperatures, including in the

135

passivation of various electronic devices, thermally sensitive polymer coatings, coatings on
biomaterials, and thin films for medicines and medical devices.36-38 To date, ALD has not been
extensively explored for chromatography; there are a few reports of the use of ALD to
prepare/modify thin layer chromatography (TLC) plates,14,

15, 39

semi-packed microfabricated

columns,40, 41 and also to coat LC and GC components.42
A GC capillary column is a critical part of a GC separation. These columns are generally
0.10 – 0.53 mm in diameter and 15 –60 m long. To the best of our knowledge, there are only two
reports of ALD in GC in which: (i) SiO2 was deposited (apparently by conventional ALD) in a 0.1
mm x 100 mm capillary as a protective coating for bioanalytical separations and trace materials
analyses;42 and (ii) tungsten nitride was deposited by conventional ALD in a 2 cm capillary (20
µm ID).43 In related work, Zhu et al.44 demonstrated ALD of TiO2 on the inner walls of 316 grade
stainless steel tubes (4 mm dia. x 1200 mm), which were evaluated for their anti-coking properties.
Zhao et al.45 considered transparent glass quartz tubes (4 mm dia.) with ALD aluminum-zinc-oxide
(AZO) for geothermal power applications. There are multiple challenges associated with
depositing thin films on the inner walls of capillary columns by traditional ALD and analogous
gas phase methods including: (i) long pump down times for capillary columns, (ii) limited
diffusion of the purge gas and precursor molecules through the capillary, (iii) maintaining the
capillary at a uniform temperature, (iv) purging of the capillary column to remove excess
precursor, and (v) characterization of thin films deposited in the capillary column.46
In this work, we report a flow-through AP-ALD reactor that addresses the issues raised in
the previous paragraph. We believe this is the first report of a device for coating long (12 m),
narrow bore (0.53 mm dia.) capillaries, which are similar to the dimensions used in analytical GC.
Our system is computer controlled, and it uses a non-traditional precursor delivery system. The
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substrate (the GC capillary column) is kept at near ambient pressure. Our reactor includes witness
chambers before and after the capillary containing silicon shards that are used to characterize the
coatings. We demonstrate that this tool produces very controlled, uniform Al2O3 coatings on the
inside walls of capillary columns. Al2O3 film growth of 1.3-1.5 Å/cycle is achieved. These coatings
are characterized by transmission electron microscopy (TEM), energy dispersive X-ray analysis
(EDX), spectroscopic ellipsometry (SE), and X-ray photoelectron spectroscopy (XPS). An initial
GC experiment was performed for the separation of light gases. As expected, little difference was
observed between coated and uncoated capillaries. Future work will focus on using ALD coatings
to both passivate and activate GC columns to improve their performance.

4.4 Experimental
4.4.1 Materials
Silicon wafers (4”, Si(100), University Wafer Inc., South Boston, MA) were used as a
source of witness silicon shards for this project. Plasma cleaning of witness shards was performed
with the Basic Plasma Cleaner 115V (Harrick Plasma, Ithaca, NY). Ultrahigh purity (99.999%)
nitrogen (Airgas) was used as the carrier gas. Trimethylaluminum (TMA) precursor (257222100G) was purchased from Sigma Aldrich. Deionized water (18 MΩ resistivity) was used as a
water precursor.
4.4.2 Components of the flow-through AP-ALD reactor.
Our AP-ALD reactor contains different components, including ALD valves (Swagelok,
#6LVV-ALD3TFR4-P-C), solenoids for the ALD valves (Swagelok, #MS-PVK-ALDMAC34CA), a triple clean gas filter (Restek Corp., #20200), a mass flow controller (Teledyne
Hastings Instruments, HFC-D-308B), a vacuum pump, a Pirani pressure gauge (Pfeiffer Vacuum,
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TPG 202), conflat full nipples (1.33 in.), a GC oven (HP 5890 series II), a quencher column that
contains silica particles, ¼ in. stainless steel tubing, miscellaneous stainless steel fittings (crosses,
elbows, etc.), and fiber glass heating tape (Brisk Heat, # HTC451002) with controllers (Brisk Heat,
# SDC120JC-A). The capillary column is connected to the witness chambers using Valco
connectors (1/8” to 1/32”) and graphite ferrules. Multiple stainless steel meshes were placed at the
entrance of each chamber to diffuse the gases instead of them jetting into the chamber. The ALD
valves are controlled with a Matlab computer program.

4.4.3 Matlab program and ALD process control.
The software we wrote to control the ALD system was developed using the App Designer
feature of MATLAB (MathWorks, version R2019b) with the MATLAB Support Package for
Arduino Hardware (MathWorks, version R2019b, 19.2.1). The Arduino was a production copy of
an Arduino Uno created by the Electrical Engineering Department at Brigham Young University
(ATmega328P processor, 16MHz clock speed from CSTCE16M0V53-R0 ceramic resonator). The
Arduino was used in conjunction with in-house software on a Dell X computer. The software
allows precise changes in a “msec” regime for the solenoids on different ALD valves. This feature
was used to control a pump time, a precursor dose time, a primary purge time, and a secondary
purge time. Figure 4.1 shows the graphical user interface of the app with different time durations
set. A typical ALD cycle included the following procedure (refer to Figure 4.3):
1. During preparation of the process, the Nbypass valve is kept open to pass UHP N2 at 150
SCCM. Continuous flow of nitrogen allows seamless mounting of the capillary column
without a sudden shock of nitrogen gas hammer upon valve opening.
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2. A 10 s purge of each line is performed at the beginning of a process, which sequentially
opens valves on the TMA line, water line, and nitrogen bypass line.
3. A TMA half cycle begins by opening the PTMA valve for 4 s. A line between the NTMA
and STMA valves is then pumped down to ca. 0.75 Torr. The DTMA valve next opens for
a designated time, which allows transfer of precursor from its container at
approximately 25°C to the TMA line. The DTMA valve then closes, the Nbypass valve
closes, and the NTMA and STMA valves simultaneously open for designated times. The
continuous flow of nitrogen gas sequentially carries TMA through the first witness
chamber, capillary column, second witness chamber, and quencher. The NTMA and
STMA valves are then closed, and the Nbypass valve opens simultaneously. We define the
purge time for TMA as the total time the NTMA, STMA, and/or Nbypass valves are
open/passing UHP N2.
4. A water half cycle begins when the Pwater valve is opened for 4 s. The line between the
Nwater and Swater valves is then pumped down to ca. 0.75 Torr. The Dwater valve next
opens for a designated time, which allows transfer of precursor from its container at
approximately 25°C to the water line. The Dwater valve then closes, the Nbypass valve
closes, and the Nwater and Swater valves simultaneously open for a designated time. The
continuous flow of nitrogen gas sequentially carries water through the first witness
chamber, capillary column, second witness chamber, and quencher. The Nwater and
Swater valves are then closed, and the Nbypass valve opens simultaneously. Notice that
this step is identical to the previous one, except it is for water. We define the purge time
for water as the total time the Nwater, Swater, and/or Nbypass valves are open/passing UHP
N2.
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5. Steps 3 and 4 are repeated for a number of cycles.
6. At the completion of all the cycles, all the N and S valves open, and a final purge is
performed. At run completion, all the valves are closed.

4.4.4 Instrumentation
The ALD process was performed on two types of samples: (i) witness silicon shards and
(ii) capillary columns. The thicknesses and chemical compositions of the ALD coatings on the
witness silicon shards were determined by SE and XPS, respectively. TEM with EDX was used to
determine the thicknesses and chemical compositions of some of the ALD coatings inside the
capillary columns. The columns were cut longitudinally using a micro-dicing saw with a tolerance
of ± 2 µm to expose the inner coated surface of the capillary tubing for analysis.
Witness silicon shards with Al2O3 coatings were characterized by SE (RC2, J. A. Woollam
Company, Lincoln, NE) from 191 to 1000 nm at three different angles (65°, 70°, 75°). The
ellipsometer is equipped with a UV-Vis light source, CCD array detector, alignment detector, and
two rotating compensators. The ellipsometric data were evaluated using the instrument software
(CompleteEASE©) to provide film thicknesses and optical functions of the thin films. The model
used for the calculation of film thickness is shown in Figure 4.2.
XPS spectra were collected using an ESCALAB 250Xi XPS (Thermo Fisher Scientific,
Waltham, MA) with an Al Kα source (1486.7 eV). All XPS spectra were acquired using a focused
X-ray spot size of 650 µm at the sample. The electron energy analyzer was operated in constant
analysis energy (CAE) mode with the magnetic lens turned on. The linearity of the XPS binding
energy scale is routinely calibrated using sputter-cleaned Cu, Ag, and Au foils. XPS survey spectra
(0-1350 eV) were acquired using a pass energy of 150 eV with a 1.0 eV step size and a 10 ms
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dwell time. Charge compensation was accomplished using a low energy electron source that is inlens in the analyzer column plus an auxiliary combination of a low energy electron/low energy
argon ion source in the analysis chamber. The base pressure in the analysis chamber is typically
2.0 x 10-8 mbar or better prior to XPS data acquisition.
The sample preparation (lift out process) for TEM/EDX of the capillary column was
performed with an FEI Helios NanoLab 600 DualBeam (FIB/SEM) instrument (Thermo Fisher
Scientific, Waltham, MA). Here, a section of the capillary (a quarter of the circumference and 1-2
mm long) was coated on the inside with a conductive Au/Pd layer (25-35 nm). The electron beam
image was used to identify a spot for lift out. A platinum containing gas, as decomposed by the
system, was then used to coat the desired area (15 x 2 µm2) for lift out. The gallium ion beam in
the instrument (a Tomahawk™ ion column) was used to remove/sputter material from the
surrounding area, where the main beam parameters were voltage = 30 kV, beam current = 2.7 nA,
and working distance = 4.1- 4.2 mm. An OmniProbe AutoProbe™ 200 was used to lift out the
sample and place it on a copper TEM sample grid (holder). The lifted out sample was then welded
to the TEM grid using in-situ platinum deposition. This was followed by the necessary thinning
and polishing of the sample.
The thickness of the Al2O3 layer on the inner wall of the capillary column was measured
with an FEI Tecnai G2 F20 TEM (Thermo Fisher Scientific, Waltham, MA) on a lifted out sample
prepared by FIB (see previous paragraph). An electron beam was used to image the different layers
on the sample. TEM images were obtained at a voltage of 200 kV, 280 kx magnification, a 100
µm C2 aperture, and a 20 µm objective aperture with a CCD detector. The thickness of the Al2O3
layer was determined using the length measurement tool in the TEM software. The elemental
composition was determined using a line scan analysis via the X-ray energy dispersive
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spectrometer in STEM mode. Here, a line of 30 nm length was drawn across the different layers
of the capillary surface in the STEM image and an EDX scan was performed. Note that sample
preparation and characterization of capillary samples took 5-6 h per sample.

4.5 Results and discussion
4.5.1 Design of flow-through AP-ALD reactor
Figure 4.3 shows a schematic of the flow-through AP-ALD reactor. A photograph of our
system is shown in Figure 4.4. The system contains three lines: one for the TMA precursor,
another for the water precursor, and a final line for nitrogen. The TMA and water lines are
connected to a vacuum pump through ALD valves. The part of the system that is outside the GC
oven is heated to 200 °C to facilitate the desorption and removal of the reagents. The
thermocouples placed on the tubing confirmed that the heating was uniform, i.e., there were no
cold spots in the system that might lead to unwanted deposition or condensation in the lines. The
system has nine ALD valves, which allow smooth cycling between the reagents and purge gas.
The substrates (the capillary column and witness silicon shards) are in a GC oven, which can be
independently heated. The capillary columns were 0.53 mm in diameter and 5 or 12 m long. Silicon
shards (ca. 1 x 1 cm2) were placed in the witness chambers (before and after the capillary column).
There is a quencher column that removes the excess reagent after the second witness chamber.
Unlike traditional ALD systems, the samples are close to atmospheric pressure. Before opening
the precursors valves, the lines that will be filled with reagent are pumped down to 0.75 Torr. After
loading these lines, the inert carrier gas carries the precursors to the first witness sample, the
capillary column, and the second witness sample. The GC oven temperature was 300 °C. The inert
gas flowed continuously through the witness chambers and capillary column. The process was
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controlled with an app developed in Matlab (see Figure 4.1). This arrangement allows thin film
deposition in a capillary column and on witness surfaces placed before and after the capillary.
It is challenging to characterize a coating inside a capillary column because a capillary has
a curved surface and a narrow diameter. Nevertheless, this has been done by atomic force
microscopy (AFM), small angle X-ray scattering (SAXS), Fourier transform infrared spectroscopy
(FT-IR), SEM, inverse gas chromatography, and contact angle measurements.47-51 However, these
techniques can be time consuming and are often best applied ex situ and to thicker coatings. For
ALD, quick and/or simultaneous thin film characterization is important for process optimization.
Accordingly, our reactor has witness chambers placed before and after the capillary column in the
GC oven that should be exposed to the same concentrations/amounts of precursors as the beginning
and end of the capillary column. Plasma cleaned witness silicon shards are loaded into the witness
chambers – the interior walls of the capillary and the native oxide on the silicon shards should have
similar surface chemistries. Thus, we believe that the thicknesses of the ALD coatings on the
witness silicon shards and inside the capillary column should be quite similar. As shown below,
this hypothesis is confirmed by SE and TEM (see Section 4.5.3). Note that in the future film growth
in the witness chambers might be monitored by in situ ellipsometry.
4.5.2 Theory
Several challenges to achieving conformal ALD in long capillaries were mentioned in the
Introduction. The primary ones are associated with non-uniform deposition due to the inherently
large aspect ratio of the capillary tube. By performing the deposition steps near atmospheric
pressure, bulk (instead of diffusional) flow is established within the capillary, which (as long as
there is sufficient purge time in between cycles) achieves the nearly uniform deposition results that
will be reported in the next section.
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The continuous 150 sccm N2 flow during the process resulted in a bulk laminar flow in the
capillary because of its small diameter. Using standard friction factor calculations for laminar
flows, the pressure drop through this 15 m capillary was predicted to be about 79 kPa, which when
added to the local atmospheric pressure of 85 kPa, closely matched the observed upstream pressure
of the N2. As a result, the average entering flow velocity was about 15 m/s and increased to about
29 m/s at the exit at the temperature and pressure conditions of the column.
Material balance and transport calculations were performed to characterize the system and
to predict if sufficient reactants were available to uniformly coat the surface of the capillary. At
the respective vapor pressures (12 Torr for TMA and 24 Torr for H2O) of the reactants at 25°C,
approximately 3.5 x 10-6 moles of TMA or 7.3 x 10-6 moles of water were introduced into the
system with each ALD cycle, assuming that the ~0.5 m length of ¼” tubing evacuated to 0.75 Torr
was filled to the TMA or water vapor pressure when the DTMA or Dwater valve opened. To evaluate
if these amounts were sufficient to react with the available capillary surface area, the fused silica
(quartz) surface was assumed to be smooth, with each unit cell (4.133 Å x 5.045 Å) area containing
three exposed silica tetrahedra52 that correspond to an Si structure surface density of 1.4 x 1019/m2.
If there is a rough 1:1 correspondence of Al:Si deposition in the initial layers, then a 0.53 mm x
15 m capillary with 0.025 m2 surface area would have approximately 3.6 x 1017 reaction sites.
Because TMA exists as a dimer, 3.5 x 10-6 moles of TMA contain 4.2 x 1018 atoms of aluminum.
Therefore, an order of magnitude excess of TMA is predicted to be available to deposit on the
capillary surface. Corresponding calculations indicate that water is in similar excess available for
reaction.
The excess reactants appear to function as a vital reservoir to continually supply the
reactants from the center of the laminar flow to the capillary surface. From published gas
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diffusivities corrected to the system temperature for water-N2 (6.6 x 10-5 m2/s) and using ChapmanEnskog theory to estimate the diffusivity of TMA-N2 as 1.6 x 10-5 m2/s, the characteristic diffusion
length, l, for each reactant may be estimated from 𝑙𝑙 = 2�𝐷𝐷𝐴𝐴𝐴𝐴 𝑡𝑡, where DAB is the diffusivity of the

reactant in N2 and t is the time over which the diffusion occurs.53 With a ~0.5 s residence time
within the capillary, l is approximately 0.006 m for TMA-N2 and 0.01 m for water-N2. These
diffusion lengths, which are approximately 20-40 times larger than the capillary radius, confirm
that excess reactants can diffuse from the center of the laminar flow to the wall and thus are
available to react all along the capillary. Therefore, theory predicts a conformal deposition of each
layer along the entire length of the capillary that continues to the second witness shard, as was
observed in the experimental results discussed in the following section.

4.5.3 Thin film characterization
We chose to validate our AP-ALD system with the well-known TMA-water ALD reaction,
which produces Al2O3.

3, 5, 54, 55

This process was first conducted only on silicon shards in the

witness chambers without the capillary. The parameters for this process were based on our
previous report in which we determined the optical function of Al2O3 deposited by ALD.18
Accordingly, the DTMA and Dwater valves were opened for 0.020 and 0.015 s, respectively, for
dosing these precursors. Since we developed an AP-ALD reactor, we purged the system longer
than in traditional ALD: the purge time was 45 s in each half cycle (3 times longer than in our
previous ALD procedure).18 Thus, our initial ALD process can be depicted as TMA:N2:H2O:N2 ::
0.020:45:0.015:45 s. After 100 cycles, the thickness of the Al2O3 film was ca. 14 - 16 nm (1.4 –
1.6 Å/cycle), as determined by SE. However, the refractive index obtained from this analysis, 1.58
at 400 nm, was rather low, suggesting that the film density was also low.34, 56 XPS confirmed the
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expected chemical composition of the film, i.e., large aluminum and oxygen signals were present
in addition to a carbon signal from adventitious carbon and a trace amount of fluorine.
In the next step, a 5 m long capillary was placed between the two witness chambers. The
ALD process with 50 cycles was then performed using the same conditions as before. Growth of
alumina was observed in both witness chambers, which suggested that it had also occurred in the
capillary. It was expected here that the purge time would need to be optimized to obtain the ideal
growth rate for Al2O3 (1.0 – 1.2 Å/cycle).3, 5 Parasitic chemical vapor deposition (CVD) would
lead to a higher growth rate. Previous reports on AP-ALD mention the difficulty of removing
excess water precursor.22, 23 Accordingly, we fixed the TMA purge time at 60 s and varied the
purge time for water. Figure 4.5 shows that as the water purge time increased from 60 – 150 s, the
thickness of the film decreased while its refractive index increased. Figure 4.5 also shows that
there is a small difference between the thicknesses and refractive indices of the alumina films
obtained in the two witness chambers. Generally, the thickness of the alumina layer is lower in the
second witness chamber, but its refractive index is higher. These results are consistent with lower
concentrations of TMA and water in the second chamber because a fraction of these precursors
react in the capillary. Finally, the following ALD process: TMA:N2:H2O:N2 :: 0.020:60:0.015:150
s was performed for 10, 20, 50, 75, and 100 cycles to obtain the calibration curve in Figure 4.6.
Here, the growth per cycle was 1.5 Å/cycle and 1.3 Å/cycle on witness shards in chamber 1 and 2,
respectively. These growth rates agree with previously reported AP-ALD results.23 Both
calibration curves had R2 values of 0.99, which suggests that the process is robust and reproducible.
ALD of Al2O3 on witness silicon shards was also confirmed by XPS. Figure 4.7 shows a
stack of abbreviated XPS survey spectra (50 – 250 eV) that focus on the Si and Al signals. These
spectra were obtained from the same samples (in chamber 2) that were used to create the calibration
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curve in Figure 4.6. The bare silicon substrate shows the expected Si 2s and 2p signals. After 10
and 20 TMA/water cycles, which generated 1.6 and 3.1 nm alumina films, respectively, the
expected Al 2s and 2p signals appear, while the Si 2s and 2p signals decrease in intensity. At 50
cycles (SE thickness of 6.7 nm), the Si signals are essentially gone. XPS is a very surface sensitive
characterization technique that yields signal from the top 5 – 10 nm of materials. Clearly, the
disappearance of the Si signals in Figure 4.7 with the concomitant appearance and increase of the
Al signals confirms the ALD of alumina in our system. The samples from witness chamber 1
showed the same trends (see Figure 4.8). Figures 4.9 and 4.10 also contains the complete XPS
spectra, which show, for example, large O 1s and O Auger signals.
We have shown by SE that our AP-ALD reactor successfully produces alumina thin films
on witness shards placed in both witness chambers. XPS confirms the SE results. While they imply
that ALD has also occurred in the capillary, they do not prove it. We now show TEM/EDX that
confirms ALD of alumina on the inner walls of the capillary column. Figure 4.11a and 4.11b
show a parallel beam TEM image of lifted out samples from both ends of a capillary after 100
ALD cycles of TMA/water. The alumina layer is uniform, pinhole free, and can be clearly
differentiated from the fused silica layer of the capillary. By TEM, the alumina thickness was 13.114.7 nm at the beginning of the capillary and 12.9 nm at its end. The thicknesses by SE of the
alumina layers on the witness shards in the adjacent witness chambers were 14.5 and 13.3 nm,
respectively. This excellent agreement is compelling evidence for the witness chambers faithfully
providing the thicknesses of the film in the capillary. To further confirm the chemical composition
of the thin layer of alumina in the capillary, EDX line scans were performed. The resulting 30 nm
long line spectra (see Figure 4.11c and 4.11d) showed both the expected elemental composition
(Si, Al, and O) and arrangement of the materials.
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4.5.4 Gas chromatography experiment
The flow through AP-ALD reactor was used to deposit an alumina layer inside a 12 m long
capillary column (100 cycles that yielded a 13-14 nm alumina film by SE in the adjacent witness
chambers). This capillary column was evaluated as a GC stationary phase for the separation of a
mixture of light gases, typical of commercially available alumina-based GC PLOT columns. The
column was compared against a separation on the same length of untreated fused silica capillary.
There was little difference in the resulting chromatograms, which showed a large unretained peak
at a time corresponding to the column void volume This lack of differentiation is most likely due
to the very low surface areas of these thin films. Future work will include coating higher surface
area materials to improve chromatographic retention.

4.6 Conclusion
The development of a novel, flow through AP-ALD system has been demonstrated. It is
automated, with precise control of flow and temperature facilitating the deposition of thin films in
long lengths of capillary tubing with internal diameters typical of existing GC column technology.
We believe that this capability will be important for analytical chemistry. Our approach should
allow ALD in capillaries/tubes made from metals and other materials. The use of witness chambers
was demonstrated as an effective way to verify coating of the substrate and overcome challenges
associated with measuring films on curved surfaces typical of the inside of capillary tubing.
Different spectroscopic techniques verified the efficacy of this approach. The coating of the
columns near atmospheric pressure and the design of the flow path has the potential to allow
multiple capillaries to be coated for high throughput. While an initial chromatographic assessment
was unsuccessful, the potential of this technique for surface passivation, activated or precursor
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layers, and in situ assembly of stationary phases is clear. Indeed, there are 450+ ALD precursors
listed by Strem Chemical (Newburyport, MA, USA) including for deposition of metals, metal
oxides, metal nitrides, metal-organic hybrids, and organic compounds. With this synthetic variety,
the possibilities for future development with this capability are promising.
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4.8 Figures

Figure 4.1. The graphical user interface (GUI) of the Matlab Arduino app used to control our
home built ALD system.

Figure 4.2. Spectroscopic Ellipsometry model for alumina thickness measurement
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Figure 4.3. Schematic of the flow-through AP-ALD reactor. N, P, D, and S stand for nitrogen,
pump, dose, and supply, respectively. The orange triangles signify the positions of thermocouples.

Figure 4.4. A photograph of our ALD system
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Figure 4.5. Effect of purge time for water half cycle on thickness and refractive index of Al2O3
film in 50 cycles ALD process. The thicknesses are determined by SE.
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Figure 4.6. Calibration curves for the ALD process showing the film thickness vs. number of ALD
cycles. The fit lines were constrained to pass through the origin. The thicknesses were determined
by SE.
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Figure 4.7. Abbreviated XPS survey spectra of alumina deposited on witness silicon shards in
chamber 2 from 0, 10, 20, 50, 75, and 100 ALD cycles. The Si signals decrease as the number of
ALD cycles increases. The thicknesses (t) of the alumina films measured by SE on the silicon
witness shards are listed for each sample.
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Figure 4.8. Abbreviated XPS survey spectra of alumina deposited on witness silicon shards in
chamber 1 from 0, 10, 20, 50, 75, and 100 ALD cycles. The Si signals decrease as the number of
ALD cycles increases. The thicknesses (t) of the alumina films measured by SE on the silicon
witness shards are listed for each sample.
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Figure 4.9. XPS survey spectra of alumina deposited on witness silicon shards in chamber 1 from
0, 10, 20, 50, 75, and 100 ALD cycles.
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Figure 4.10. XPS survey spectra of alumina deposited on witness silicon shards in chamber 2 from
0, 10, 20, 50, 75, and 100 ALD cycles.
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Figure 4.11. (a, b) Parallel beam TEM images of pieces of a capillary column coated with 100
ALD TMA/water cycles showing the alumina films. These two pieces are adjacent to the witness
chambers. (c) STEM image showing the path of a line spectrum (30 data points with a dwell time
of 6 s). (d) EDX spectra of Al, Si, and O from the line spectrum in (c). EDX also shows Au and
Pd from the protective layer deposited during sample preparation.

158

4.9 References
1.

Suntola, T.; Hyvarinen, J., Atomic Layer Epitaxy. Annu. Rev. Mater. Sci. 1985, 15 (1),

177-195.
2.

Zaera, F., The Surface Chemistry of Atomic Layer Depositions of Solid Thin Films. J.

Phys. Chem. Lett. 2012, 3 (10), 1301-9.
3.

Puurunen, R. L., Surface chemistry of atomic layer deposition: A case study for the

trimethylaluminum/water process. J. Appl. Phys. 2005, 97 (12), 121301-121311.
4.

Hwang, C. S. K., S. K.; Lee, S. W., Mass-production memories (DRAM and Flash). In

Atomic layer deposition for semiconductors, Hwang, C. S., Ed. Springer: New York, 2012.
5.

George, S. M., Atomic layer deposition: An overview. Chem. Rev. 2010, 110, 111-131.

6.

Kumar, P.; Wiedmann, M. K.; Winter, C. H.; Avrutsky, I., Optical properties of Al2O3

thin films grown by atomic layer deposition. Appl. Opt. 2009, 48, 5407-5412.
7.

Pakkala, A.; Putkonen, M., Atomic Layer Deposition. In Handbook of Deposition

Technologies for Films and Coatings (Third Edition), Martin, P. M., Ed. William Andrew
Publishing: Boston, 2010; pp 364-391.
8.

Houska, J.; Blazek, J.; Rezek, J.; Proksova, S., Overview of optical properties of Al2O3

films prepared by various techniques. Thin Solid Films 2012, 520 (16), 5405-5408.
9.

Kim, H., Atomic layer deposition of metal and nitride thin films: Current research efforts

and applications for semiconductor device processing. J. Vac. Sci. Technol. B 2003, 21 (6), 22312261.
10.

Dasgupta, N. P.; Meng, X.; Elam, J. W.; Martinson, A. B. F., Atomic Layer Deposition

of Metal Sulfide Materials. Acc. Chem. Res. 2015, 48 (2), 341-348.

159

11.

Chen, L.; Connell, J. G.; Nie, A.; Huang, Z.; Zavadil, K. R.; Klavetter, K. C.; Yuan,

Y.; Sharifi-Asl, S.; Shahbazian-Yassar, R.; Libera, J. A.; Mane, A. U.; Elam, J. W., Lithium
metal protected by atomic layer deposition metal oxide for high performance anodes. J. Mater.
Chem. A 2017, 5 (24), 12297-12309.
12.

Lim, B. S.; Rahtu, A.; Gordon, R. G., Atomic layer deposition of transition metals. Nat.

Mater. 2003, 2 (11), 749-54.
13.

Peng, Q.; Gong, B.; VanGundy, R. M.; Parsons, G. N., “Zincone” Zinc Oxide−Organic

Hybrid Polymer Thin Films Formed by Molecular Layer Deposition. Chemistry of Materials 2009,
21 (5), 820-830.
14.

Kanyal, S.; Jensen, D.; Dadson, A.; Vanfleet, R.; Davis, R.; Linford, M., Atomic Layer

Deposition of Aluminum-Free Silica onto Patterned Carbon Nanotube Forests in the Preparation
of Microfabricated Thin-Layer Chromatography Plates. JPC - Journal of Planar Chromatography
- Modern TLC 2014, 27, 151–156.
15.

Jensen, D. S.; Kanyal, S. S.; Gupta, V.; Vail, M. A.; Dadson, A. E.; Engelhard, M.;

Vanfleet, R.; Davis, R. C.; Linford, M. R., Stable, microfabricated thin layer chromatography
plates without volume distortion on patterned, carbon and Al2O3-primed carbon nanotube forests.
Journal of Chromatography A 2012, 1257, 195-203.
16.

Shah, D.;

Patel, D. I.;

Major, G. H.;

Argyle, M. D.; Linford, M. R., A new

holder/container with a porous cover for atomic layer deposition on particles, with transport
analysis and detailed characterization of the resulting materials. Surface and Interface Analysis
2021, 53 (2), 156-166.

160

17.

Shah, D.; Patel, D. I.; Roychowdhury, T.; Johnson, B. I.; Linford, M. R., Substrate

protection and deprotection with salt films to prevent surface contamination and enable selective
atomic layer deposition. Applied Surface Science 2020, 526, 146621.
18.

Shah, D.; Patel, D. I.; Roychowdhury, T.; Jacobsen, D.; Erickson, J.; Linford, M. R.,

Optical function of atomic layer deposited alumina (0.5–41.0 nm) from 191 to 1688 nm by
spectroscopic ellipsometry with brief literature review. Surface Science Spectra 2019, 26 (2),
026001.
19.

Shah, D.; Patel, D. I.; Roychowdhury, T.; Rayner, G. B.; O’Toole, N.; Baer, D. R.;

Linford, M. R., Tutorial on interpreting x-ray photoelectron spectroscopy survey spectra:
Questions and answers on spectra from the atomic layer deposition of Al2O3 on silicon. Journal
of Vacuum Science & Technology B 2018, 36 (6), 062902.
20.

Suntola, T.; Antson, J. Method for Producing Compound Thin Films. US patent

#4,058,430, Nov. 25, 1977, 1977.
21.

Suntola, T.; Pakkala, A.; Lindfors, S. G. Apparatus for Performing Growth of Compound

Thin Films. US Patent #4,389,973, Jun. 28, 1983, 1983.
22.

Jur, J. S.; Parsons, G. N., Atomic Layer Deposition of Al2O3 and ZnO at Atmospheric

Pressure in a Flow Tube Reactor. ACS Applied Materials & Interfaces 2011, 3 (2), 299-308.
23.

Mousa, M. B. M.; Oldham, C. J.; Jur, J. S.; Parsons, G. N., Effect of temperature and gas

velocity on growth per cycle during Al2O3 and ZnO atomic layer deposition at atmospheric
pressure. Journal of Vacuum Science & Technology A 2011, 30 (1), 01A155.
24.

Yoshii, N.; Takahashi, N.; Nakamura, T.; Yoshioka, M., Preparation of ZrO[sub 2] Nano-

Films by an Alternate Reaction Using ZrCl[sub 4] and O[sub 2] under Atmospheric Pressure.
Electrochemical and Solid-State Letters 2002, 5 (9), C85.

161

25.

Takahashi, N.; Yoshii, N.; Nonobe, S.; Nakamura, T.; Yoshioka, M., Self-limiting growth

of ZrO2 films on a Si(100) substrate using ZrCl4 and O2 under atmospheric pressure. Journal of
Electronic Materials 2003, 32 (10), 1107-1110.
26.

Takahashi, N.; Nonobe, S.; Nakamura, T., Growth of HfO2 films using an alternate

reaction of HfCl4 and O2 under atmospheric pressure. Journal of Solid State Chemistry 2004, 177
(11), 3944-3948.
27.

Nonobe, S.; Takahashi, N.; Nakamura, T., Preparation of HfO2 nano-films by atomic layer

deposition using HfCl4 and O2 under atmospheric pressure. Solid State Sciences 2004, 6, 12171219.
28.

Levy, D. H.; Freeman, D.; Nelson, S. F.; Cowdery-Corvan, P. J.; Irving, L. M., Stable

ZnO thin film transistors by fast open air atomic layer deposition. Applied Physics Letters 2008,
92 (19), 192101.
29.

Kaiya, K.; Yoshii, N.; Takahashi, N.; Nakamura, T., Atmospheric pressure atomic layer

epitaxy of ZnO on a sapphire (0001) substrate by alternate reaction of ZnCl2 and O2. Journal of
Materials Science Letters 2000, 19 (23), 2089-2090.
30.

Kaiya, K.; Yoshii, N.; Omichi, K.; Takahashi, N.; Nakamura, T.; Okamoto, S.;

Yamamoto, H., Atmospheric Pressure Atomic Layer Epitaxy of ZnO Using a Chloride Source.
Chemistry of Materials 2001, 13 (6), 1952-1956.
31.

Dunlop, L.; Kursumovic, A.; MacManus-Driscoll, J. L., Reproducible growth of p-type

ZnO:N using a modified atomic layer deposition process combined with dark annealing. Applied
Physics Letters 2008, 93 (17), 172111.
32.

Hunter, A.; Kitai, A. H., A novel atmospheric pressure technique for the deposition of ZnS

by atomic layer epitaxy using dimethylzinc. Journal of Crystal Growth 1988, 91 (1), 111-118.

162

33.

Daniel Dapkus, P.; Maa, B. Y.; Chen, Q.; Jeong, W. G.; DenBaars, S. P., Atmospheric

pressure atomic layer epitaxy: mechanisms and applications. Journal of Crystal Growth 1991, 107
(1), 73-82.
34.

Mousa, M. B. M.; Oldham, C. J.; Parsons, G. N., Atmospheric Pressure Atomic Layer

Deposition of Al2O3 Using Trimethyl Aluminum and Ozone. Langmuir 2014, 30 (13), 3741-3748.
35.

Oviroh, P. O.; Akbarzadeh, R.; Pan, D.; Coetzee, R. A. M.; Jen, T.-C., New development

of atomic layer deposition: processes, methods and applications. Science and Technology of
Advanced Materials 2019, 20 (1), 465-496.
36.

Na, J.-S.; Ayres, J. A.; Chandra, K. L.; Gorman, C. B.; Parsons, G. N., Nanoencapsulation

and Stabilization of Single-Molecule/Particle Electronic Nanoassemblies Using Low-Temperature
Atomic Layer Deposition. The Journal of Physical Chemistry C 2008, 112 (51), 20510-20517.
37.

Hyde, G. K.; Scarel, G.; Spagnola, J. C.; Peng, Q.; Lee, K.; Gong, B.; Roberts, K. G.;

Roth, K. M.; Hanson, C. A.; Devine, C. K.; Stewart, S. M.; Hojo, D.; Na, J.-S.; Jur, J. S.;
Parsons, G. N., Atomic Layer Deposition and Abrupt Wetting Transitions on Nonwoven
Polypropylene and Woven Cotton Fabrics. Langmuir 2010, 26 (4), 2550-2558.
38.

Jur, J. S.; Spagnola, J. C.; Lee, K.; Gong, B.; Peng, Q.; Parsons, G. N., Temperature-

Dependent Subsurface Growth during Atomic Layer Deposition on Polypropylene and Cellulose
Fibers. Langmuir 2010, 26 (11), 8239-8244.
39.

Jim, S. R.; Foroughi-Abari, A.; Krause, K. M.; Li, P.; Kupsta, M.; Taschuk, M. T.;

Cadien, K. C.; Brett, M. J., Ultrathin-layer chromatography nanostructures modified by atomic
layer deposition. Journal of Chromatography A 2013, 1299, 118-125.
40.

Shakeel, H.; Rice, G. W.; Agah, M., Semipacked columns with atomic layer-deposited

alumina as a stationary phase. Sensors and Actuators B: Chemical 2014, 203, 641-646.

163

41.

Shakeel, H.; Agah, M., High density semipacked separation columns with optimized

atomic layer deposited phases. Sensors and Actuators B: Chemical 2017, 242, 215-223.
42.

Carr, E.; Killeen, K. P. Components with an atomic layer deposition coating and methods

of producing the same. 2015.
43.

Becker, J. S.; Suh, S.; Wang, S.; Gordon, R. G., Highly Conformal Thin Films of Tungsten

Nitride Prepared by Atomic Layer Deposition from a Novel Precursor. Chemistry of Materials
2003, 15 (15), 2969-2976.
44.

Zhu, C.; Ma, F.; Dai, Z.; Ma, D., Atomic Layer Deposition of TiO2 Thin Films on the

Inner Walls of Steel Tubes Increases Anti-coking Properties. ACS Omega 2020, 5 (49), 3210232111.
45.

Zhao, A.; Fan, Y.; Suzuki, Y.; Morimoto, K., Dryout characteristics of low-GWP working

fluids at low mass and heat fluxes in a vertical 4 mm diameter tube. International Journal of Heat
and Mass Transfer 2021, 172, 121114.
46.

Cremers, V.; Puurunen, R. L.; Dendooven, J., Conformality in atomic layer deposition:

Current status overview of analysis and modelling. Applied Physics Reviews 2019, 6 (2), 021302.
47.

Lefebvre, D.; Rayes, R. S.-E.; Jousseaume, V.; Maret, M.; Veyre, L.; Charleux, B.;

Thieuleux, C.; Ricoul, F., Preparation and characterization – including in situ Small Angle X-Ray
Scattering – of gas chromatographic capillary columns with mesoporous silica thin films as
stationary phases. Journal of Chromatography A 2015, 1413, 85-93.
48.

Kanatyeva, A.; Korolev, A.; Shiryaeva, V.; Popova, T.; Kurganov, A., Characterization

of monolithic capillary columns using inverse gas chromatography. Journal of Separation Science
2009, 32 (15-16), 2635-2641.

164

49.

Woolley, C. L.; Markides, K. E.; Lee, M. L., Deactivation of fused-silica capillary columns

with polymethylhydrosiloxanes: Characterization of the deactivated surface. Journal of
Chromatography A 1986, 367, 23-34.
50.

Bartle, K. D.; Wright, B. W.; Lee, M. L., Characterization of glass, quartz, and fused silica

capillary column surfaces from contact-angle measurements. Chromatographia 1981, 14 (7), 387397.
51.

Pullen, P. E.; Pesek, J. J.; Matyska, M. T.; Frommer, J., Characterization by Atomic Force

Microscopy of Fused-Silica Capillaries Chemically Modified for Capillary Electrokinetic
Chromatography. Analytical Chemistry 2000, 72 (13), 2751-2757.
52.

Antao, S. M.; Hassan, I.; Wang, J.; Lee, P. L.; Toby, B. H., State-of-the-art high-

resolution powder x-ray diffraction (hrpxrd) illustrated with rietveld structure refinement of quartz,
sodalite, tremolite, and meionite. The Canadian Mineralogist 2008, 46 (6), 1501-1509.
53.

Bird, R. B.; Stewart, W. E.; Lightfoot, E. N., Transport Phenomena. 2nd ed.; Wiley 2002;

p 928.
54.

Higashi, G. S.; Fleming, C. G., Sequential surface chemical reaction limited growth of high

quality Al2O3 dielectrics. Applied Physics Letters 1989, 55 (19), 1963-1965.
55.

Ott, A. W.; Klaus, J. W.; Johnson, J. M.; George, S. M., Al3O3 thin film growth on

Si(100) using binary reaction sequence chemistry. Thin Solid Films 1997, 292 (1), 135-144.
56.

Groner, M. D.; Fabreguette, F. H.; Elam, J. W.; George, S. M., Low-Temperature Al2O3

Atomic Layer Deposition. Chemistry of Materials 2004, 16 (4), 639-645.

165

CHAPTER 5: Diphenylsiloxane – Dimethylsiloxane Copolymer: Optical Function from 191
– 1688 nm (0.735 – 6.491 eV) by Spectroscopic Ellipsometry

5.1 Statement of Attribution
This article was originally published as Patel, D. I.; Shah, D.; Roychowdhury, T.; Wheeler,
J. I.; Ess, D. E.; Hilfiker, J. N.; Linford, M. R. "Diphenylsiloxane–dimethylsiloxane copolymer:
Optical functions from 191 to 1688 nm (0.735–6.491 eV) by spectroscopic ellipsometry", Surface
Science Spectra, 2020, 27, 026001.
This article was originally published as Surface Science Spectra is a peer-reviewed spectra
data base. Accordingly, we have omitted some information fields from this document to improve
its readability in this format. We refer readers to the original document for complete sample and
instrument information. We have also presented some information in paragraph format instead of
tabular format as in the original publication.

5.2 Abstract
We report the optical function of diphenylsiloxane-dimethylsiloxane (DPS-DMS) as
determined from reflection spectroscopic ellipsometry (SE) and transmission ultraviolet-visible
data, which were generated over 191 – 1688 nm from a commercial sample of DPS-DMS. This
material is a random, linear copolymer terminated with silanol groups that is a liquid at room
temperature and pressure. Both reflection and transmission measurements required special
experimental considerations. The reflection SE measurements utilized the ‘rough-surface’ method,
wherein the liquid was poured onto a roughened (frosted) glass slide, which scatters the reflected
light leaving only the reflection from the liquid surface. That is, there is effectively no substrate or
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material beneath the liquid that affects the ellipsometry measurements or that needs to be modeled.
Transmission measurements were obtained via a dual cuvette approach to eliminate the effects of
the cuvettes. The reflection data provided the refractive index across the entire spectral range as
well as the extinction coefficient at ultraviolet wavelengths. The transmission measurements
provided input for the extinction coefficients at visible and near infrared wavelengths, where the
liquid is transparent or semi-transparent. The reflected SE data were modeled using a Sellmeier
dispersion model and six Gaussian oscillators plus a surface roughness layer. This produced a good
fit with a mean squared error (MSE) of 2.41. For example, we obtained the following n(λ) values,
where λ is the wavelength in nanometers: n(300) = 1.534, n(500) = 1.477, and n(1000) = 1.458.
As expected, the refractive index of DPS-DMS is higher than that of liquid PDMS.
Keywords: Phenyl PDMS, DPS-DMS, spectroscopic ellipsometry; optical function; Sellmeier,
Gaussian, BEMA layer, optical functions; transmission

5.3 Introduction
Polymers are important materials for both academic and industrial research. Polymers are
created by linking together multiple units called monomers. The chemical linking of two or more
different monomers leads to the formation of hybrid materials called copolymers.1 The most
common type of copolymer consists of a random arrangement of its monomers. Specialized
polymers and copolymers may be referred to as “high-performance” materials. The measurement
of the optical properties of polymers, and in particular liquid polymers, is relevant in various areas
of science and technology. For example, it is important in immersion lithography, which is a
photolithography technique that introduces a high-refractive index and transparent liquid (often a
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polymer) between the last optical element and photoresist surface.2

3 4

Hence, it is important to

measure and understand the optical properties of liquid polymers. Our group has previously
reported the optical functions of several materials obtained by spectroscopic ellipsometry,
including that of liquid PDMS.5-11 12
Polymers with a siloxane bond (-Si-O-), e.g., polydimethylsiloxane (PDMS), often have
low glass transition temperatures (ca. -120 °C), good thermal stability, high gas permeability,
excellent dielectric properties, low surface tensions, and chemical inertness.13-17 PDMS is an
important member of the siloxane family, and its properties can be tuned by the incorporation of
other monomers. One such monomer unit is diphenylsiloxane, which is widely used due to its
ability to increase the crystallinity, melting point, thermal stability, solubility in organic solvents,
and glass transition temperature of siloxane polymers.1

14, 18 19, 20 21

Diphenylsiloxane-

dimethylsiloxane (DPS-DMS) copolymers are widely used as lubricants22 and high-temperature
adhesives,23 and in semiconductor manufacturing24 and chromatography.25, 26 Hence, the optical
function of DPS-DMS will be useful to researchers who wish to characterize materials made from
it or containing it.
Spectroscopic ellipsometry (SE) is a common method for measuring film thicknesses,
optical functions, film roughness, index gradients, material anisotropies, and interface
thicknesses.27, 28 In most cases it does not require any pre-treatment of samples, and it is generally
performed in the open laboratory. In this study, we determined the optical functions of a
commercially available sample of liquid DPS-DMS copolymer using SE and compared it to that
of liquid PDMS. The extinction coefficient, k, of the polymer was obtained from transmission
ultraviolet-visible spectroscopy measurements at visible and near infrared wavelengths and from
reflection SE measurements at ultraviolet wavelengths. The transmission data for DPS-DMS
168

copolymer were collected using a dual cuvette method wherein two cuvettes with path lengths of
2, 5, or 10 mm were filled with the copolymer.3, 29 30 As described in our previous reports on the
optical function of liquid PDMS,5, 12 this approach eliminates the errors that would be caused by
the use of an empty cuvette as a reference. Thus, it allows for accurate determination of the
extinction coefficient of DPS-DMS copolymer at wavelengths where it is semi-transparent or
transparent.30,

31

In particular, measuring the transmission through three different cuvettes

containing DPS-DMS copolymer allows three different ratios of the extinction coefficient to be
calculated using the following equation:
𝑘𝑘 =

𝑇𝑇

𝑚𝑚
𝜆𝜆 𝑙𝑙𝑙𝑙� 𝑇𝑇𝑛𝑛 �
,
4𝜋𝜋 𝑧𝑧𝑛𝑛 −𝑧𝑧𝑚𝑚

(5.1)

where k is the extinction coefficient, λ is the wavelength of the light, zn and zm are two
different path lengths, and Tm and Tn are the transmission intensities obtained at these path lengths.
Figure 5.1 shows the transmission spectra that originate from the three different cuvettes, which
were used with Eq. 1 to determine the extinction coefficient of the material, and Figure 5.2 shows
the three ratios between them. The average extinction coefficient (from 205 – 1700 nm) that was
obtained from these measurements and calculations is shown in Figure 5.3. See supplementary
material at [URL will be inserted by AIP Publishing] for experimental data and calculation of
extinction coefficient from the raw data. As expected, the discrepancy in these results is largest at
shortest and longest wavelengths, where we have both very low transmitted intensities and much
lower signal-to-noise ratios. The absorptions shown in Figure 3 are too small to have an impact on
the reflected SE data, which only becomes sensitive to k values above 0.001-0.0001.
The SE data were modeled with a Kramers-Kronig consistent summation of a Sellmeier
dispersion function and six Gaussian oscillators. (Note that all analytic functions are Kramers169

Kronig consistent.) This model is sensitive to the k values at shorter wavelengths, which are above
the sensitivity limit for reflected SE data. However, the optical model for SE data is also sensitive
to the surface quality of the film. The correct model should produce a match between the UV
absorption (determined from the SE model) and the longer wavelength absorption determined by
the dual-cuvette method. As shown in Figure 5.4, the addition of a 1.0 nm BEMA (Bruggeman
effective medium approximation) layer aligned the extinction coefficients obtained from the
reflection and transmission measurements (0, 0.6, 1.0, and 1.5 nm roughness layers are shown).
While this ‘roughness’ layer may represent actual physical roughness that will have an effective
index of refraction between that of the bulk polymer and the air, it could also be modeling a layer
of lower refractive index than the bulk material below it. For example, it may be indicating, at least
in part, that dimethylsiloxane units preferentially migrate to the surface. Figure 5.5 shows the
extinction coefficients in Figure 5.4 on a linear scale. It reveals where the SE data are sensitive to
k. The refractive index, n, is determined from the final SE model with 1 nm roughness and is based
on the Kramers-Kronig consistent match to the SE data, with no influence from the small
absorptions identified by the dual-cuvette method.
As a beginning towards the characterization of polymer absorbances, we used quantummechanical calculations to analyze/predict UV excitations. Figure 6 shows the computational
model of DPS-DMS that is composed of two dimethyl siloxane units followed by one diphenyl
siloxane unit and a final third dimethyl unit. This model has methoxy end caps. We also examined
a model with double the number of siloxanes units but found nearly identical results. The
conformation shown in Figure 6 was identified using a comprehensive conformational search
process with the CREST32 algorithm and xTB tight-binding methods.33, 34 While this process gave
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several possible geometries, and the polymer inevitability is a complex mixture of these models,
we chose this model because of its low energy and linear structure.
This conformation was then used to perform time-dependent density functional theory
calculations (TD-DFT) using CAM-B3LYP/6-31G**35, 36 in the Gaussian 16 program.37 Figure 7
shows the TD-DFT results for the single unit computational model and the double unit model,
which are nearly identical. For the single unit model, the greatest contributing excitations are at
169 and 177 nm. For the double unit model, the greatest contributing excitations are at 175 and
176 nm. Overall, these excitations are close, but slightly lower than the experimentally measured
values below 200 nm shown in Figure 5. As expected, these excitations correspond to π to π*
electronic promotion of the phenyl groups.
Using the single unit model, we also examined the normal mode vibrational frequencies.
As expected, we did not find any fundamental frequencies above 3200 cm-1. This suggests that for
the region between 800 and 1500 nm the absorbances involve overtone vibrational excitations. For
example, it is likely that the phenyl and methyl group C-H stretches with normal mode vibrational
frequencies at about 3000-3200 cm-1 result in the overtone vibrational absorbances between 9001700 nm (see Figure 1). It is unlikely that the absorbances in Figure 5.1 correspond to overtones
for bending motions because these fundamental normal modes are in the range of 1000-1600 cm1

.

5.4 Specimen Description
A detailed specimen description is shown in Table 5.1. and Table 5.2.
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Table 5.1. Specimen description of the DPS-DMS material sample.
Specimen
Number:

j of n

Sample
Description:

DPS-DMS copolymer was obtained from a commercial supplier (Gelest
Incorporated)

History &
Significance

DPS-DMS copolymer is an extremely important polymer with a wide range
of applications

Analyzed
Region:

Reflection ellipsometry and transmission data were collected with an
ellipsometer on the liquid from 191 to 1688 nm

Specimen
Temperature
During
Analysis:

~300 K

Maximum
Chamber
Pressure
During
Analysis, Pa:

Ambient

Sample
The liquid sample was in the air in a laboratory assuring no or minimal air
Conditions
turbulence/current over the liquid sample.
During
Measurement:
Ex Situ
Preparation
and
Mounting:

Sand blasting was performed on the one surface of the glass slide to suppress
unwanted backside reflections. The glass slide was cleaned using a jet of
nitrogen gas. The blasted glass slide was then washed with soap and water,
rinsed with isopropyl alcohol, and DPS-DMS was spread onto the glass slide,
which was mounted on the ellipsometer stage.

In Situ
Preparation:

None

Depiction of
specimen
layers.

Ambient: air
Layer 0: Liquid DPS-DMS
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Table 5.2. Specimen Component Layers
 Layer 0
Chemical Name:

Layer Composition:

DPS-DMS
Silanol terminated (14-18% diphenyl siloxane) –
dimethyl siloxane copolymer, 50-60 cSt

Structural Formula:
CH3
HO

Si

CH3

CH3
O

Si

CH3

O

Si

m

CH3

O

Si

n

OH

CH3

CAS Registry No:

68951-93-9

Layer Manufacturer/Supplier:

Merck kGaA, (Darmstadt, Germany)

As-received Condition:

Liquid samples were shipped from the supplier in
plastic bottles

Host Material Characteristics:

Liquid, homogenous, polymer

Layer Form:

Liquid on Petri dish

Lot Number:

N/A

Features Observed:

The material has absorption in the UV and IR
region.
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5.5 Instrument Configuration
A detailed instrument configurations are shown in Table 5.3.
Table 5.3. Detailed instrument configurations
Instrument #

1 of 1

Instrument Manufacturer:

J. A. Woollam Company

Manufacturer Model No:

RC2 model DI

Instrument Configuration:

Variable angle spectroscopic ellipsometer
equipped with a CCD array detector, two
rotating compensators, and a near infrared
extension to allow data collection out to 1688
nm

Spectral Range:

191 - 1688 nm

Measurement Angle(s) of Incidence:

65˚, 70˚, 75˚, 80˚

Acquired Data Type:

Ψ, Δ, and transmittance

5.6 Data Analysis
The methodology used in this study to acquire and work up the data follows those presented
in other papers previously published by our group.12 These studies describe (i) how two cuvettes
with different internal path lengths can be used to obtain transmission spectra, and (ii) the
mathematical equations and approach used to analyze the data. Data analysis was performed with
the CompleteEASE® (version 6.50) software package from the J.A. Woollam Company.
In this work, reflection spectroscopic ellipsometry measurements from the liquid surface
were taken at various angles of incidence, i.e., from 65˚ to 80˚.38, 39 The surface reflection was
isolated by applying the liquid to a rough glass slide, which scatters the light transmitted into the
liquid.3 The theory of ellipsometry is based on the Fresnel equations for polarized light interacting
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with multi-layered planar substrates. The fundamental equation of ellipsometry for isotropic
materials is expressed in terms of two parameters, psi (ψ) and delta (Δ), as follows:27
𝑟𝑟̃𝑝𝑝
𝑟𝑟̃𝑠𝑠

= tan 𝜓𝜓𝑒𝑒 𝑖𝑖∆

(5.2)

where 𝑟𝑟̃𝑝𝑝 and 𝑟𝑟̃𝑠𝑠 are the complex Fresnel reflection coefficients of the sample for p- (in the plane of

incidence) and s- (perpendicular to the plane of incidence) polarized light. The angle ψ provides

information about the ratio of the two amplitudes, and Δ is the phase shift between them.
Spectroscopic ellipsometry measures the ratio of the two light components as a function of
wavelength. The so-called variable angle spectroscopic ellipsometry (VASE©) method increases
the sensitivity of the measurements due to the different optical path lengths traversed. Reflection
measurements were plotted as a function of wavelength and angle of incidence (Figure 5.9). As
𝑟𝑟𝑝𝑝

expected, ψ is at or close to zero near the Brewster angle for the sample, i.e., 𝑟𝑟 = 0 at these points.
𝑠𝑠

The Δ values obtained in this study are 0˚ over most of the wavelength range (greater than 300
nm), which suggest that the liquid is transparent (k < 0.001) in this region. Stronger absorption
features, which affect the Δ curves shown in Figure 5.8, appear in the UV region (below 300 nm).
Accordingly, it was reasonable to model DPS-DMS copolymer using a summation of a Sellmeier
function and six Gaussian oscillators, where the Gaussians described the UV absorptions. This
yielded a reasonable fit as shown in Figure 5.8, with an MSE of 2.416.40
The refractive index (n and ϵ1) obtained by modeling the SE reflection data is shown in
Figure 5.9. Figure 5.10 shows the comparison of the refractive indices of PDMS and DPS-DMS
copolymer. As expected, the n values of DPS-DMS copolymer are consistently larger over the
entire wavelength range due to the presence of the phenyl rings in the material. The phenyl rings
are also the source of the stronger absorptions in the UV region.
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5.7 Oscillator Equations
 Definition for equations – Sellmeier dispersion, Gaussian oscillators, effective
medium approximation and mean squared error:
The pole-pole (Sellmeier) model is described as:
𝐴𝐴𝑈𝑈𝑈𝑈 𝜆𝜆2
𝐴𝐴𝐼𝐼𝐼𝐼 𝜆𝜆2
+
𝜀𝜀1 = 𝜀𝜀∞ + 2
𝜆𝜆 − 𝜆𝜆2𝑈𝑈𝑉𝑉 𝜆𝜆2 − 𝜆𝜆2𝐼𝐼𝐼𝐼

(5.3)

where AUV is the UV amplitude, AIR is the IR amplitude, λUV is the position of the UV pole, λIR is
the position of the IR pole, and the λ(nm) is the wavelength for which the refractive index is
calculated. However, in this work λ(nm) is expressed as energy (EUV and EIR - see Table 5.4 for
details). 𝜀𝜀∞ is the low-frequency offset. The values for λUV and λIR are provided in terms of energy
(eV) instead of wavelength. 𝜀𝜀∞ , and AUV and AIR are unitless. 9
The equation for a Gaussian oscillator41 (Equation 3) is
2

2

𝜀𝜀2 (𝐸𝐸) = 𝐴𝐴𝐺𝐺 �𝑒𝑒 −(𝐸𝐸−𝐸𝐸𝐺𝐺 ⁄𝜎𝜎) − 𝑒𝑒 −(𝐸𝐸+𝐸𝐸𝐺𝐺 ⁄𝜎𝜎) �

(5.4)

where 𝐸𝐸 is the photon energy in eV, 𝐴𝐴𝐺𝐺 is the oscillator amplitude in eV2, 𝐸𝐸𝐺𝐺 is the center energy
in eV, and the value for 𝜎𝜎 is given by (equation 4):
𝜎𝜎 =

𝐵𝐵𝐺𝐺

2�ln(2)

,

Where 𝐵𝐵𝐺𝐺 is the broadening (FWHM) of the oscillator in eV.
The Bruggeman effective medium approximation (BEMA, Equation 5) is given as:
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(5.5)

𝑓𝑓𝑎𝑎

𝜀𝜀𝑎𝑎 − 𝜀𝜀
𝜀𝜀𝑏𝑏 − 𝜀𝜀
+ 𝑓𝑓𝑏𝑏
=0
𝜀𝜀𝑎𝑎 + 2𝜀𝜀
𝜀𝜀𝑏𝑏 + 2𝜀𝜀

(5.6)

where 𝑓𝑓𝑎𝑎 is the volume fraction of material 𝑎𝑎, 𝑓𝑓𝑏𝑏 is the volume fraction of material b, and 𝜀𝜀 is the
dielectric constant of the composite material derived from the dielectric constants of the
component materials 𝜀𝜀𝑎𝑎 and 𝜀𝜀𝑏𝑏 .5, 42 The roughness layer in this work was modeled using a BEMA

layer consisting of 50% void and 50% DPS-DMS.

The MSE for the fits (Equation 6) was calculated as:
𝑛𝑛

1
𝑁𝑁𝐸𝐸𝐸𝐸 − 𝑁𝑁𝐺𝐺𝐺𝐺 2
𝐶𝐶𝐸𝐸𝐸𝐸 − 𝐶𝐶𝐺𝐺𝐺𝐺 2
𝑆𝑆𝐸𝐸𝐸𝐸 − 𝑆𝑆𝐺𝐺𝐺𝐺 2
� +�
� +�
� �
𝑀𝑀𝑀𝑀𝑀𝑀 = �
� ��
3𝑛𝑛 − 𝑚𝑚
0.001
0.001
0.001
𝑖𝑖=1

(5.7)

where 𝑁𝑁 = cos(2𝜓𝜓), 𝐶𝐶 = sin(2𝜓𝜓) cos(Δ), 𝑆𝑆 = sin(2𝜓𝜓) sin(Δ), 𝑛𝑛 is the number of
wavelengths, i.e., (ψ, Δ) pairs, 𝑚𝑚 is the number of variable parameters in the model, and 𝜎𝜎

represents a standard deviation. Terms superscripted with a 𝐺𝐺 denote the experimentally measured

values at the data point 𝑖𝑖, and terms superscripted with an 𝐸𝐸 indicate the data generated by the
model at the data point 𝑖𝑖.5

The initial fit to the ellipsometric data contained six Gaussian oscillators, a UV pole (a

position and an amplitude), an IR pole (an amplitude), and Einf. Multiple attempts were made to
reduce the number of Gaussians needed for this fit. All of these resulted in significantly higher
MSE values. However, the fit with six Gaussians showed fit parameter correlation. Accordingly,
parameters that were correlated were identified (see Table II) and locked in place (by rounding) at
a position that was close to the one found in the fit. In the process of testing for correlation and
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locking values in place, all of the widths of the Gaussians needed to be fixed and one of the peak
positions (the one at 6.68 eV). As this point, parameter correlation was no longer flagged in the
instrument software (it had dropped below 90%). Note also that the value of Einf in these fits was
fixed to its default value of unity.

Table 5.4. Fit parameters for the SE model of the DPS-DMS copolymer (Sellmeier and six
Gaussians with BEMA roughness layer). ‘A’, and ‘E’ denote ‘amplitude’, and ‘energy’ (position)
for the Gaussian oscillators. ‘G1’, ‘G2’, etc. refer to the first Gaussian, second Gaussian, etc.
Parameter
AUV (eV2)
𝐴𝐴𝐼𝐼𝐼𝐼 (eV2)
𝐴𝐴𝐺𝐺1 (eV2)
𝐸𝐸𝐺𝐺1 (eV)
𝐴𝐴𝐺𝐺2 (eV2)
𝐸𝐸𝐺𝐺2 (eV)
𝐴𝐴𝐺𝐺3 (eV2)
𝐸𝐸𝐺𝐺3 (eV)
𝐴𝐴𝐺𝐺4 (eV2)
𝐸𝐸𝐺𝐺4 (eV)
𝐴𝐴𝐺𝐺5 (eV2)
𝐸𝐸𝐺𝐺5 (eV)
𝐴𝐴𝐺𝐺6 (eV2)
MSE

Value
138.32
0.006
0.008
4.708
0.034
5.600
0.152
5.566
0.430
5.886
0.745
6.328
1.176
2.416

Error
0.11
0.0005
0.002
0.029
0.008
0.008
0.010
0.006
0.003
0.005
0.005
0.002
0.008
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Table 5.5. Fixed parameters for the SE model of the DPS-DMS copolymer (Sellmeier and six
Gaussians with BEMA roughness layer). ‘B’, and ‘E’ denote ‘broadening’, and ‘energy’ (position)
for the Gaussian oscillators. ‘G1’, ‘G2’, etc. refer to the first Gaussian, second Gaussian, etc.
Parameter

Value

𝐵𝐵𝐺𝐺1 (eV)

0.2

𝐵𝐵𝐺𝐺3 (eV)

0.34

𝐵𝐵𝐺𝐺5 (eV)

0.35

𝐸𝐸𝐺𝐺6 (eV)

6.68

𝐵𝐵𝐺𝐺2 (eV)

0.10

𝐵𝐵𝐺𝐺4 (eV)

0.42

𝐵𝐵𝐺𝐺6 (eV)

0.80

Table 5.6. Spectral features of interest. (01658-09, 01658-10)
Feature or
location in
Range

Photon
Energy
(eV)

Wavelength

Range
Minimum

0.734

Range
Maximum

n

k

ε1 (real)

ε2 (imaginary)

1688.2

1.45

6.90 x
10-5

2.11

0

1.958

633.1

1.47

1.04 x
10-7

2.15

0

2.106

588.7

1.47

1.02 x
10-7

2.16

0

3.055

405.9

1.49

1.41 x
10-7

2.21

0

4.836

256.4

1.59

N/A

2.51

0.02

6.484

191.2

1.60

N/A

2.39

1.32

(nm)
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5.8 Free Parameters in the Model
With the exception of the sixth Gaussian, which only had one free parameter (its
amplitude), each Gaussian oscillator had two free parameters: its amplitude (𝐴𝐴𝐺𝐺 ), and its center

energy (𝐸𝐸𝑛𝑛 ). The amplitudes of the UV (𝐴𝐴𝑈𝑈𝑈𝑈 ) and IR (𝐴𝐴𝐼𝐼𝐼𝐼 ) poles also varied in the model.
5.9 Fixed Parameters in the Model

The energies of the UV (𝐸𝐸𝑈𝑈𝑈𝑈 ) and IR (EIR) poles were fixed at 12.00 eV and 1x10-8 eV,

respectively. The peak broadenings (BG) and center energy of the sixth Gaussian were fixed, as
shown in Table II. The thickness of the BEMA surface roughness layer was also fixed to specific
values, as indicated in the text.

5.10 Reference Spectra and Sources
N/A

5.11 Other Techniques Used to Fix Parameters in the Analysis
UV-Visible spectroscopy was used to confirm the absorption originating from the phenyl
rings in DPS-DMS.
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5.12 Figures

Figure 5.1. Transmission spectra from neat DPS-DMS copolymer measured using cuvettes with
path lengths of 2, 5, and 10 mm.
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Figure 5.2. Extinction coefficients, k(λ), for DPS-DMS using three different cuvette ratios. T2,
T5, and T10 represents the transmission coefficient calculated using 2, 5, and 10 mm cuvettes,
respectively. The three ratios (T10/T5, T10/T2 and T5/T2) are plotted to compare the extinction
coefficients obtained from the different ratios.
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Figure 5.3. Average extinction coefficient of the data shown in Figure 2 for DPS-DMS
copolymer. The error bars here correspond to the standard deviations of the three measurements
at each wavelength. In general, the error bars are about the same size as the plot symbols, but they
increase at the shortest and longest wavelengths.
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Figure 5.4. Extinction coefficients on a log scale obtained (i) at longer wavelengths using the
dual-cuvette method (right)3,

5

and (ii) at shorter wavelengths using reflection SE data (left).

Varying amounts of surface roughness (0, 0.6, 1.0, and 1.5 nm) were considered in the SE model,
which impact the determined extinction coefficient. The results from the 1.5 nm roughness layer
(green, down triangles) above ca. 250 nm are heading towards zero and cannot be graphed on this
scale at longer wavelengths. These results show that the k values align well for 1.0 nm of surface
roughness.
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Figure 5.5. The extinction coefficients, k, from Figure 5.4 over a limited wavelength range and
on a linear scale, where the values at shorter wavelengths (blue squares) were obtained with a 1
nm roughness layer, and the results from the dual-cuvette method are shown in red circles above
285 nm. (All of the results from the dual-cuvette method are so low that they will appear as zero
on this scale.)
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Figure 5.6. Computational model of DPS-DMS.

Figure 5.7. CAM-B3LYP/6-31G** TD-DFT calculation of UV electronic excitations from 150 to
250 nm. Single unit model = monomer (shown in Figure 9). Double unit model = dimer.

186

(a)

(b)

(c)

(d)

Figure 5.8. Experimental (a) ψ(), (b) Δ(), (c) <n> (01658-01, 01658-02, 01658-03, and 0165804), and (d) <k> (01658-05, 01658-06, 01658-07, and 01658-08) spectra, where <n> and <k> are
the pseudo optical functions of the material, obtained at different angles of incidence for DPSDMS copolymer modeled using a summation of a Sellmeier function and six Gaussian oscillators.
The experiment has random noise due to the low intensity of the reflected light, thus we collected
data at multiple angles of incidence. The more oblique angles have more reflected intensity and
thus lower noise. The combination of multiple angles of incidence ensures that our answer matches
all the data simultaneously independent of the random noise in the sample.
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Figure 5.9. Optical function (n and ϵ1) obtained for DPS-DMS copolymer.

Figure 5.10. Comparison of the refractive indices of DPS-DMS copolymer and PDMS. The n
values of PDMS were obtained from our recently published paper.5 The absorptions of the DPSDMS copolymer from 200 – 260 nm are due to the phenyl rings in it.
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CHAPTER 6: Conclusions and Future Work
During my graduate work, I have been involved in three projects including (i) fabrication
of sputtered silicon and carbon thin films for SPME, (ii) building and developing an ALD system
for depositing thin films inside capillary columns, and (iii) SE characterization of liquid polymeric
stationary phases for SPME. The common aspects of all of these projects were the fabrication and
characterization of materials for chromatography and sample preparation. The major outcomes
from each chapter are discussed in Section 6.1. Section 6.2 describes future work that might be
undertaken.

6.1 Key Findings from Each Chapter
In Chapter 2, I successfully demonstrated a method for fabricating porous SPME coatings
via vapor phase deposition of 6-phenylhexylsilane onto sputtered silicon fibers. The thicknesses
and morphologies of the sputtered silicon coatings were varied by changing the sputter/deposition
times and throw distances. Depositions of sputtered silicon and PDMS were confirmed by ToFSIMS, XPS, SE, SEM, and WCA goniometry. The best fiber produced was used to extract and
analyze PAHs by GC-MS. The extraction time was optimized to obtain the best possible extraction
for 16 PAHs. The extraction efficiencies of my fiber and the commercial 7 µm PDMS fiber were
similar for LMW PAHs, but my fiber showed an extraction efficiency that was ca. 3 times greater
for the HMW PAHs. Indeed, my fiber showed parts per trillion detection limits for the PAHs. My
fiber was further investigated for the analysis of PAHs in baby formula where it showed a detection
limit of 0.20 ppb for BaP (the EU maximum limit for BaP in infant food products is 1 ppb).
In Chapter 3, I fabricated sputtered carbon coatings for SPME and evaluated them via a
newly developed SPME test mix. The effects of different throw distances on the morphologies of
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the coatings were explored. These coatings were characterized by SEM, XPS, SE, and contact
angle goniometry. The best sputtered carbon SPME fibers showed similar functional group
selectivity as commercial CWR fibers. These sputtered coatings have again shown the ability to
overcome phase thickness/volume discrepancies and increase the relative recovery for some
compounds. The new SPME evaluation mix consisted of 15 compounds with different functional
groups and chemical properties. Within this mix, pentane, chloroform, 2-picoline, and sulfolane
provided valuable insights into the coating/stationary phase behavior, which would otherwise have
been missed by the traditional probe mixes. N,N-dimethylamine and dicyclohexylamine, which
are present in the Kovats’ and Grob’s test mixes, continued to show their value in the current study.
Chapter 4 describes a successful demonstration of ALD alumina inside capillary columns
via an ALD system I built. It includes detailed explanations of the ALD components used, theory
for the ALD system, and process optimization. This chapter also contains extensive multiinstrument characterization of my ALD thin films. Witness chambers were placed in the system
so that easily measured, representative samples could be created at the same time the capillary was
coated. The characterization data from witness surfaces and capillary walls aligned almost
perfectly. Our ALD system produces alumina film growth of 1.3-1.5 Å/cycle, which is very close
to reported values.
In Chapter 5, I have determined the optical functions of DPS-DMS polymers by SE.
Transmission measurements were obtained via a dual cuvette approach that eliminated the effects
of the cuvettes and their interfaces. The optical function of this material was modeled with a
Sellmeier function. The excitations in the UV region in the transmission data were confirmed by
first principles calculations.
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6.2 Future Work
In the field of chromatography, we will continue to explore different materials, which can
be produced by various thin film deposition processes. In particular, sputtered silicon coatings will
be explored on different substrates other than fused silica to further increase the mechanical
stability of SPME fibers. SPME fibers with sputtered silicon coatings will be used to analyze
different classes of compounds other than PAHs, e.g., pesticides, herbicides, cannabinoids, etc.
There is much more to explore regarding sputtered carbon coatings, including the detailed
study of the effects of throw distance and chamber pressure on morphology. In addition, because
of their high extraction capabilities, carbon SPME fibers will be tested with specific, new analytes.
The new SPME evaluation mix will be tested with other commercially available fibers to establish
its importance.
The ALD project is in beginning phases. Accordingly, we have just started to sort out the
types of materials that can be deposited using our system. These materials should contain different
chemical functionalities and properties for modifying the activity of GC capillary columns.
Currently, my system uses water as an oxidant/reactant. However, it should be replaced with ozone
to reduce the parasitic CVD that is taking place at atmospheric pressure. Ultimately, this system
will be able to deposit ALD coatings for passivation and activation of GC columns.
Finally, I recommend that all of the new materials created in these projects be extensively
characterized.
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Appendix 1: Introduction to Near Ambient Pressure-X-ray Photoelectron Spectroscopy
(NAP-XPS) Characterization of Various Materials

A1.1 Statement of Attribution
This document was originally published as Patel, D. I.; Roychowdhury, T.; Jain, V.; Shah,
D.; Avval, T. G.; Chatterjee, S.; Bahr, S.; Dietrich, P.; Meyer, M. Thißen, A.; Linford, M. R.
"Introduction to near-ambient pressure x-ray photoelectron spectroscopy characterization of
various materials", Surface Science Spectra, 2019, 26, 016801. Here, the texts and figures are
reproduced with the permission from AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.

A1.2 Abstract
Near ambient pressure – X-ray photoelectron spectroscopy (NAP-XPS) is a less traditional
form of XPS that allows samples to be analyzed at relatively high pressures, i.e., at ca. 2500 Pa.
With NAP-XPS, a wide variety of unconventional materials can be analyzed, including moderately
volatile liquids, biological samples, porous materials, and/or polymeric materials that outgas
significantly. Charge compensation with NAP-XPS takes place simply through the
residual/background gas in the chamber, which is ionized by the incident X-rays. High quality
spectra – high resolution and good signal-to-noise ratios – are regularly obtained. This article is an
introduction to a series of papers in Surface Science Spectra on the NAP-XPS characterization of
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a series of materials. The purpose of these articles is to introduce and demonstrate the versatility
and usefulness of the technique.
Keywords: Near-ambient pressure X-ray photoelectron spectroscopy, NAP-XPS, X-ray
photoelectron spectroscopy, XPS
A1.3 Introduction
X-ray photoelectron spectroscopy (XPS) is the most widely used vacuum technique for
chemically analyzing surfaces.1,

2

Accordingly, during the past few decades there has been a

significant increase in the number of XPS instruments sold and the number of publications
mentioning and/or using the technique.3, 4 XPS can detect all the elements except hydrogen and
helium, and through chemical shifts it provides chemical (oxidation) state information about the
elements.5 Spectral analysis in XPS ranges from moderately straightforward,6 e.g., simple peak
identification and integration, to quite complex and requiring extensive peak fitting and
calculations.7-11 XPS is surface sensitive. That is, while the X-rays used in XPS can penetrate fairly
deeply into materials, the photoelectrons they generate can only escape from the upper ca. 10 nm
of a surface.

Historically, XPS has been performed under ultrahigh vacuum (UHV). These conditions
allow photoelectrons to travel to the detector, contribute to sample cleanliness – a layer of
contamination can severely attenuate desired photoemission, and can be helpful for some
instrument components. Nevertheless, many important samples are not UHV compatible. These
include gases at moderate to higher pressures, most biological specimens, most liquid samples,
most consumer goods, e.g., foods, cosmetics, etc., and, in general, materials that may outgas
significantly, including most polymers and zeolites. Of course, some instruments have low
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temperature stages that can keep samples in a frozen state during analysis.12 However, freezing,
including freeze drying or fast/flash freezing can alter a sample by introducing ice crystals into it,
by leaving a layer of ice on it that prevents surface analysis, and/or by inducing migration of atomic
and molecular species.13-15
The need for XPS analysis of materials with little vacuum compatibility and/or a desire to
better analyze samples in their native state, has led to the development of near-ambient pressure
XPS (NAP-XPS).16-20 Typically NAP-XPS systems work at moderate pressures of up to 2500 Pa.
To allow electrons to travel to the detector, which is still maintained under UHV, various stages
of differential pumping are employed. These successively decrease the pressure in the system from
the sample to the detector. Obvious advantages of the higher working pressures in NAP-XPS are
significantly reduced sample preparation and pump down times, as well as no need for a load lock
in the system – samples are directly loaded into the analytical chamber of the instrument.
Accordingly, the total time for both sample loading and analysis can be just a few minutes, which
is not possible with conventional XPS. These advances now allow XPS to be used as a real time,
or nearly real time, high throughput, process monitoring tool.
Another unique and desirable feature of NAP-XPS is its inherent ability to deal with charge
compensation. Charge compensation takes place automatically in NAP-XPS because the incident
X-rays ionize the gas molecules around the sample, creating both electrons and cations. These
provide the necessary charge compensation for the sample. Thus, insulating samples can generally
be analyzed directly and without a flood gun or other form of external charge compensation. The
degree of charge compensation in NAP-XPS depends on the pressure of the background/residual
gas.
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In this series of submissions, we present NAP-XPS analyses of a variety of samples, many
of which would be difficult, if not impossible, to analyze by conventional XPS. These include
unconventional materials that have high vapor pressures, e.g., volatile liquids that outgas
significantly,

and/or

materials

that

would

involve

challenging

sample

preparation/introduction/mounting in a conventional XPS system. Data in this series of articles
were collected with the Specs EnviroESCA instrument.21-24 In general these submissions show
high quality survey spectra and narrow scans of the samples in question; the quality of these spectra
is as high as if they had been taken with a conventional XPS instrument – the spectra consistently
show high resolution and good signal-to-noise ratios. The spectra were taken under different
conditions, e.g., different background pressures. In many cases, peaks fitting and/or other workup
of the data is shown. Most of the C 1s spectra are fit to components that account for the various
possible oxidation states of carbon in the materials, e.g., C-C/C-H, C-O, C= O, and C(O)O.5
Uniqueness plots8 were generated for many of these fits, which confirmed the absence of
correlation between the fit parameters. The contribution on Teflon considered the equivalent
widths of the peaks.25, 26
The samples analyzed/described in this special issue of Surface Science Spectra can be
placed into four categories: gases, liquids/solutions, natural/biological products, and synthetic
polymers. All of these materials were analyzed directly by NAP-XPS after brief pump downs, and
no external charge compensation was required for any of them.
(1) Gases. In the NAP-XPS analysis of gaseous CO2 that follows27 baselines are very flat and
the peaks are very narrow. In general, gas phase signals are narrower than their condensed
phase counterparts. The flat baselines suggest limited inelastic losses of photoelectrons.
Peak fitting was carried out with Gaussian-Lorentzian sum (GLS)5 and asymmetric
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Lorentzian (LA) functions. The LA function provides a better fit than the GLS due to the
asymmetry it allows.
(2) Liquids/Solutions. We show here analyses of an organic solvent: dimethyl sulfoxide
(DMSO)28 and an aqueous solution of a protein: bovine serum albumin (BSA).29
a. The analysis of DMSO shows O 1s, C 1s and S 2p signals attributable to both the
gaseous and liquid-phase material. The rise in baseline towards higher binding
energies, which is typical of most conventional XPS analyses of condensed phases,
is also observed here. Peaks were fit with GLS functions on linear backgrounds.
The survey spectrum of DMSO includes signals from residual nitrogen gas used to
vent the chamber and air from the environment.
b. For the BSA solution, C 1s, O 1s and N 1s narrow scans are shown. The C 1s signal
appears to have strong contributions from the protein and is fit to C-C, C-O, and CN type components. Good fits were obtained here with Gaussian-Lorentzian
product (GLP) functions on Shirley backgrounds. O 1s signals attributable to both
liquid and vapor phase water were present.
(3) Natural/biological products. The materials analyzed in this category include a clamshell,30
a kidney stone,31 some sesame seeds,32 and a piece of hard Italian cheese.33
a. Clamshells are of marine origin, and other animals, e.g., snails and birds, produce
shells of related composition. As expected, much of the material analyzed here
appears to be calcium carbonate (CaCO3). The survey spectrum and narrow scans
(Ca 3s, 3p, 2p, 2s, O 1s, and C 1s) are shown for this material. The survey spectrum
also contains an N 1s peak, which is attributed to protein on the surface of material.
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Peak fitting was with GLS functions with Shirley backgrounds, except for the Ca
2p narrow can, which employed a Tougaard background.
b. Kidney stones are mostly composed of calcium oxalate (CaC2O4) and calcium
phosphate (Ca3(PO4)2).34 Some protein may also be present on their surfaces. Both
survey and narrow scans (C 1s, O 1s Ca 2p and P 2p) of this complex material are
presented. The survey scan shows an N 1s signal from the nitrogen gas used for
charge compensation. Narrow scans were fit using GLS functions with Shirley
backgrounds.
c. Sesame seeds, a food, contain oil, vitamins, minerals, lignins etc.,35 Our submission
on this topic shows analyses of three different seeds, including their survey and
narrow scans (C 1s, O 1s and N 1s). Calcium appeared in the survey scans of all
three seeds. The narrow scans are fit with GLS functions over Shirley backgrounds.
d. Cheese is a perishable dairy product. The surface of the hard Italian cheese analyzed
in this work appears to be mostly fat. The survey spectrum of this materials shows
nitrogen signals from the nitrogen gas used for charge compensation. The C 1s and
O 1s narrow scans are presented, which were fit with GLS functions on Shirley
backgrounds. The C 1s spectrum was dominated by a single signal attributable to
hydrocarbon carbon.
(4) Synthetic Polymers. Teflon is an important polymer that appears in many commercial
devices/products, e.g., non-stick pans, and in scientific equipment, e.g., stir bars and
chemical reaction vessels. Teflon is an insulator. It is prized for its inertness. The
submission on Teflon in this series36 includes survey and narrow scans (C 1s and F 1s) at
different pressures. The uncorrected binding energies in these spectra shift with changing
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residual gas pressure – lower gas pressures lead to greater surface charging and therefore
greater energy shifts (see Figure 1).
A1.4 Figures

Figure A1.1. Shifts in F 1s binding energies towards lower binding energies with increasing gas
background pressure for a sample of Teflon. The equivalent widths of these signals also decrease
with increasing background pressure.
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Appendix 2. Water Vapor, by Near-Ambient Pressure X-ray Photoelectron Spectroscopy
(NAP-XPS)
A2.1 Statement of Attribution
This document was originally published as Patel, D.I.; Shah, D.; Bahr, S.; Dietrich, P.;
Meyer, M.; Thißen, A.; Linford, M. R. "Water vapor, by near-ambient pressure XPS", Surface
Science Spectra, 2019, 26, 014026. Here, the texts and figures are reproduced with the
permission from AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.
A2.2 Abstract
Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is a less traditional
form of XPS that allows samples to be analyzed at relatively high pressures, i.e., greater than 2500
Pa. With NAP-XPS, XPS can be used to probe moderately volatile liquids, biological samples,
porous materials, and/or polymeric materials that outgas significantly. In this submission we show
survey, and O 1s NAP-XPS spectra from water vapor, a material that could not be analyzed at
moderate pressures by conventional approaches, and that is expected to be present in many
analyses.
Keywords: Near-ambient pressure X-ray photoelectron spectroscopy, NAP-XPS, XPS, Water
Vapor
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A2.3 Introduction
Near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is an important form
of XPS that allows samples to be analyzed at relatively high pressures, i.e., greater than 2500 Pa.
Thus, many samples that cannot be probed under ultrahigh vacuum conditions by conventional
XPS can be analyzed via NAP-XPS. Most materials of biological interest, and many of chemical
importance, contain water and are therefore difficult to analyze by conventional XPS. NAP-XPS
allows these materials, which often release water vapor, to be analyzed in a straightforward
manner. Accordingly, the NAP-XPS spectra of water vapor should be an important reference for
these materials. This manuscript is a part of a series of papers on the NAP-XPS characterization
of a wide variety of materials that have been submitted to Surface Science Spectra. These articles
and the NAP-XPS technique have previously been introduced in this journal.1 The data for these
submissions were collected with a SPECS EnviroESCA instrument.2-5 One of the other
manuscripts in this series describes the NAP-XPS analysis of liquid water.6
In this submission, we show the survey and O 1s narrow scans of water vapor. The largest
and most characteristic NAP-XPS peak associated with these spectra is the relatively narrow O 1s
signal at 536.0 eV. A significant O KLL Auger signal is also observed. XPS spectra showing these
signals have previously been presented in the literature.7-11 The survey spectrum of water vapor
shown here also contains very small O 2s and N 1s peaks attributed to oxygen in water vapor and
N2(g), respectively. Because we believe that most people that will be interested in these spectra in
the future will be working with solid or liquid samples in the presence of water vapor, the spectra
presented herein are referenced to the Fermi level of the instrument and not to the vacuum level.
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A2.4 Specimen Description
Host Material: Water Vapor, H2O(g)
CAS Registry #: 7732-18-5
Host Material Characteristics: homogeneous; gas; amorphous; inorganic compound; Other
Chemical Name: Water
Source: HPLC water from Alfa Aesar
Host Composition: Water
Form: Gas
Structure: H2O
History & Significance: Water is ubiquitous. It is released by many materials that may be
analyzed by NAP-XPS.
As Received Condition: Liquid water. It was placed in an external reservoir, which is connected
to EnviroESCA by a gas line and a manual leak valve.
Analyzed Region: Vapor phase water encountered by the X-ray beam.
Ex Situ Preparation/Mounting: Liquid water (5 - 10 mL) was poured into a test tube, which is
connected to EnviroESCA by a gas line and a manual leak valve.
In Situ Preparation: Water is vaporized and leaked into the analysis chamber to produce the gas
for analysis.
Charge Control: N/A
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Temp. During Analysis: 300 K
Pressure During Analysis: 500 Pa in the survey and 600 Pa in the narrow scan
Pre-analysis Beam Exposure: 30 s.
A2.5 Instrument Description
Manufacturer and Model: SPECS EnviroESCA
Analyzer Type: spherical sector
Detector: other 1D delay line detector (1D-DLD)
Number of Detector Elements: 25
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
■Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: silicon nitride
Excitation Source: Al Ka monochromatic
Source Energy: 1486.6 eV
Source Strength: 42 W
Source Beam Size: 250 m x 250 m
Signal Mode: multichannel direct
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■Geometry
Incident Angle: 55 ˚
Source-to-Analyzer Angle: 55 ˚
Emission Angle: 0 ˚
Specimen Azimuthal Angle: 0 ˚
Acceptance Angle from Analyzer Axis: 22 ˚
Analyzer Angular Acceptance Width: 44 ˚
A2.6 Data Analysis Method
Energy Scale Correction: None
Recommended Energy Scale Shift: Zero
Peak Shape and Background Method: A linear background was used to calculate peak areas.
Quantitation Method: Elemental compositions were calculated using the SPECS instrument
software.
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Table A2.1. Spectral features of interest.
Spectru
m ID #

Element

Peak

Peak

Peak

Sensitiv

Concentratio

Peak

/

Energ

Width

Area

ity

n (at. %)

Assignment

Transiti

y (eV)

FWHM

(eV x

Factor

(eV)

cts/s)
98.88 ± 0.23

O in H2O(g)

on
A2.1

O 1s

536.0

2.26

11431.0

A2.1

O KLL*

497.2

8.46

10084.2

A2.2

O 1s

0.68

1270.3

A2.1
A2.1

N 1s
O 2s

406.0
28.0

536.0

2.22
3.90

134.2

2.47
1.66

1.12 ± 0.23

279.2

*Peak value is indicated as kinetic energy. Work function of the instrument is 4.44 eV.
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N in N2(g)
O Auger
H2O(g)

O in H2O(g)

A2.7 Figures

Figure A2.1. XPS Survey spectrum of water vapor
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Figure A2.2. XPS O 1s narrow scan of water vapor
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Appendix 3: Argon Gas, by Near-Ambient Pressure XPS (NAP-XPS)
A3.1 Statement of Attribution
This document was originally published as Patel, D.I.; Shah, D.; Bahr, S.; Dietrich, P.;
Meyer, M.; Thißen, A.; Linford, M. R. "Argon gas, by near-ambient pressure XPS", Surface
Science Spectra 2019, 26, 014024. Here, the texts and figures are reproduced with the permission
from AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.

A3.2 Abstract
Near-ambient pressure–x-ray photoelectron spectroscopy (NAP-XPS) is a less traditional
form of XPS that allows samples to be analyzed at relatively high pressures, i.e., greater than 2500
Pa. With NAP-XPS, XPS can analyze moderately volatile liquids, biological samples, porous
materials, and/ or polymeric materials that outgas significantly. In this submission, we show
survey, 2s, 2p, 3s, 3p, and the Auger LMM NAP-XPS spectra from argon gas, a material that could
not be analyzed at moderate pressures by conventional methods. A small N 1s signal from residual
nitrogen gas in the chamber is also present in the survey spectrum.
Keywords: Near-ambient pressure X-ray photoelectron spectroscopy, NAP-XPS, XPS, Water
Vapor
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A3.3 Introduction
In this submission we present the NAP-XPS characterization of argon gas. Data were
collected with the Specs EnviroESCA instrument.1-4 This document is part of a series of
submissions on NAP-XPS that is being submitted to Surface Science Spectra. This set of articles
and the NAP-XPS technique have previously been introduced in this journal.5 The survey, narrow,
and Auger spectra of argon gas are important references for NAP-XPS because argon gas is used
in many technical processes. For example, argon gas is commonly used for sputtering, where it is
often incorporated to some degree in the films that are thus produced.6 Argon, as an inert gas, is
also used to protect/blanket organic chemical reactions.7 It could similarly be used as an inert
background/environment for analysis or reactions that may be performed in an NAP-XPS
chamber, e.g., to follow the evolution of a sample as a function of temperature under an inert
atmosphere. Part of argon’s importance lies in the fact that it is relatively inexpensive.
Characteristic photoelectron peaks for argon are observed in the NAP-XPS spectra shown herein,
including the Ar 2s, 2p, 3s, and 3p signals at binding energies ca. 322, 246 eV, 25 eV, and 12 eV,
respectively.6, 8-10 Additionally, the valence band spectrum contains argon 3s satellite signals
between 34 to 39 eV. These signals are products of electron transitions in ionized argon atoms.11
A narrow scan of the argon LMM Auger signals is also presented. Finally, a small N 1s peak at
405 eV from residual nitrogen is found in the survey spectrum. Sources of this nitrogen gas may
include the nitrogen gas used to vent the chamber and/or nitrogen from the air.
The peak fitting described herein was with linear backgrounds. The synthetic peak shapes
were Gaussian-Lorentzian sum (GLS) functions12 or asymmetric Lorentzian functions (the LA
function in CasaXPS). For the Ar 2s, 2p3/2, and 2p1/2 peaks, the percentage of the Lorentzian
component in the GLS function was optimized at 65%, 30%, and 30%, respectively. However, the
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GLS is a symmetric line shape and a small amount of asymmetry was detected in the Ar 2s, 2p1/2,
and 2p3/2 signals. This type of asymmetry is commonly observed in many XPS peaks. Better fits
were thus obtained with an asymmetric Lorentzian (LA) synthetic line shape. The LA line shape
is based on the equation for the Lorentzian peak (L(x)):
L(x) =

1

x−E 2
1 + 4� F �

where E is the position (center) of the peak, and F is its full width at half maximum (FWHM)
value. The LA peak shape has two parameters, α and β, that apply to the two sides of the peak as
follows:
LA(α, β) = �

[L(x)]α x ≤ E
[L(x)]β x > E

That is, α = β and α ≠ β create symmetric and asymmetric line shapes, respectively, where
larger and smaller values of these exponents either decrease or increase the extent of the peak (its
‘wings’), respectively. The LA function is also dependent on a third parameter, m, i.e., LA (α, β,
m), where m gives the width of a Gaussian function with which the LA function is convolved. The
resulting function is an asymmetric Voigt function. In this work, good fits were obtained with m
= 0, i.e., pure asymmetric Lorentzian signals were adequate to obtain good fits. The following α
and β values were used in the fits shown herein: Ar 2s (α = 1.5, β = 1.3), 2p1/2 (α = 1.74, β = 2.1),
and 2p3/2 (α = 1.45, β = 1.7). In addition, the peak fits/optimizations performed in this work were
with the ‘RMS’ function and not the ‘chi squared’ function in CasaXPS.
This document is closely related to our NAP-XPS analyses of other gases, including
oxygen, nitrogen, carbon dioxide, and water vapor.13-16
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A3.4 Specimen Description
Host Material: Argon gas, Ar(g)
CAS Registry #: 7440-37-1
Host Material Characteristics: homogeneous; gas; amorphous; inorganic compound; Other
Chemical Name: Argon
Source: Air Liquide, Argon
Host Composition: Argon
Form: Gas
Structure: Ar
History & Significance: Argon gas is widely used as an inert gas in chemical reactions and for
sputtering.
As Received Condition: Compressed gas cylinder
Analyzed Region: Argon gas encountered by the X-ray beam.
Ex Situ Preparation/Mounting: N/A
In Situ Preparation: N/A
Charge Control: Residual gas
Temp. During Analysis: 300K
Pressure During Analysis: 100 Pa
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Pre-analysis Beam Exposure: 30 s.
A3.5 Instrument Description
Manufacturer and Model: Specs EnviroESCA
Analyzer Type: spherical sector
Detector: other 1D delay line detector (1D-DLD)
Number of Detector Elements: 25
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
■Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: silicon nitride
Excitation Source: Al K monochromatic
Source Energy: 1486.6 eV
Source Strength: 42 W
Source Beam Size: 250 m x 250 m
Signal Mode: multichannel direct
■Geometry
Incident Angle: 55 ˚
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Source-to-Analyzer Angle: 55 ˚
Emission Angle: 0 ˚
Specimen Azimuthal Angle: 0 ˚
Acceptance Angle from Analyzer Axis: 22 ˚
Analyzer Angular Acceptance Width: 44 ˚
A3.6 Data Analysis Method
Energy Scale Correction: No correction
Recommended Energy Scale Shift: 0
Peak Shape and Background Method: The Ar 2s, 2p3/2, and 2p1/2 peak fitting was performed
with Gaussian-Lorentzian Sum (GLS) function with 65%, 30%, and 30% Lorentzian character,
respectively. The peak was also performed with asymmetric line shape (LA) with Ar 2s (α = 1.5,
β = 1.3), 2p1/2 (α = 1.74, β = 2.1), and 2p3/2 (α = 1.45, β = 1.7). A linear background was used un
this fit. All peak fitting performed in this work was with CasaXPS (Casa Software Ltd., Version
2.3.18PR1.0).
Quantitation Method: Elemental compositions were calculated using standard SPECS software.
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Table A3.1. Spectral features of interest
Spectrum ID

Element/

Peak

Peak

Peak Area

#

Transition

Energy

Width

(eV x cts/s)

(eV)

FWHM

Peak Assignment

(eV)
A3.1

Ar 2s

323.0

3.2902

16149.5

Ar(g)

Ar 3s

25.0

2.3648

1492.2

Ar(g)

A3.1

Ar 2p

A3.1

Ar 3p

A3.1

245.0
12.0

3.5665
1.6016

29802.5
2535.9

Ar(g)

Ar(g)

A3.1

LMM Auger

1277.0

A3.2

Ar 2s

322.4

2.4183

1906.7

Ar(g)

Ar 2p3/2

244.7

0.4838

2098.7

Ar(g)

A3.3

Ar 2p1/2

A3.4

Ar 3s

A3.3
A3.4
A3.5

Ar 3p

LMM Auger

246.9
25.3
11.9

1279.1

0.4838
0.3491
0.4772
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1049.4
140.5
236.4

Ar(g)
Ar(g)
Ar(g)
Ar(g)
Ar(g)

A3.7 Figures

Figure A3.1. XPS survey spectrum of argon gas

Figure A3.2. Ar 2s XPS narrow scan of argon gas fit with (a) SGL (b) LA line shapes
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Figure A3.3. Ar 2p XPS narrow scan of argon gas fit with (a) SGL (b) LA line shapes

Figure A3.4. Valence band XPS narrow scan of argon gas
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Figure A3.5. Ar Auger XPS narrow scan of argon gas
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Appendix 4: Ambient Air, by Near-Ambient Pressure X-ray Photoelectron Spectroscopy
(NAP-XPS)
A4.1 Statement of Attribution
This document was originally published as Patel, D.I.; Bahr, S.; Dietrich, P.; Meyer, M.;
Thißen, A.; Linford, M. R. "Ambient air, by near-ambient pressure XPS", Surface Science
Spectra, 2019, 26, 024002. . Here, the texts and figures are reproduced with the permission from
AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.
A4.2 Abstract
Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is a less traditional
form of XPS that allows samples to be analyzed at relatively high pressures, i.e., at ca. 2500 Pa.
With NAP-XPS, XPS can analyze moderately volatile liquids, biological samples, porous
materials, and/or polymeric materials that outgas significantly. Because of the relatively high
working pressure of NAP-XPS, the components from air may be present in the analytical chamber
during data acquisition. Accordingly, the signals from air are expected to be common interferents
in NAP-XPS analyses. In this submission, we show survey, O 1s, N 1s, valence band, oxygen
Auger (KLL), and nitrogen Auger (KLL) NAP-XPS spectra from ambient air, a material that could
not be analyzed at moderate pressures by conventional XPS.
Keywords: Near-ambient pressure X-ray photoelectron spectroscopy, NAP-XPS, XPS, air,
nitrogen, oxygen
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A4.3 Introduction
Near ambient pressure - X-ray photoelectron spectroscopy (NAP-XPS) is a nontraditional
technique that allows samples to be analyzed at relatively high pressures, e.g., 2500 Pa or higher.
Thus, unlike traditional XPS, biological samples and liquid or solid samples with high vapor
pressures can be quite easily analyzed. The analytical chamber of the NAP-XPS instrument is
generally opened to the air when samples are loaded into it. Accordingly, the signals of ambient
air may overlap with sample signals. Thus, the NAP-XPS spectra of ambient air should be an
important reference for the technique. This document is part of a series of submissions on NAPXPS that is being submitted to Surface Science Spectra. This set of articles and the NAP-XPS
technique have previously been introduced in this journal.1 The NAP-XPS characterization
described herein was performed with the Specs EnviroESCA instrument.2-5 The most characteristic
peaks associated with ambient air are the O 1s pair of peaks from O2 gas and the N 1s signal from
N2 gas at binding energies ca. 539.3 and 405.9 eV respectively.6, 7 The O 1s and N 1s signals are
sharp and without rises in background due to an absence of attenuation of their photoelectrons.
The valence band of the material is shown. As expected, it contains signals attributable to nitrogen
and oxygen. NAP-XPS spectra of N2(g)8 and O2(g)9 have previously appeared in the literature,
including as part of this series of papers on NAP-XPS to Surface Science Spectra.6, 7, 10, 11 It is
important to note that molecules in the gas phase show higher binding energies than the
corresponding species adsorbed on a surface. The Auger scans for oxygen and nitrogen are also
shown. The relatively low signal-to-noise ratios for the Auger spectra were observed due to the
higher working pressure (200 Pa). Here all binding energies are referenced to the Fermi level
instead of the vacuum level for uniformity with the other articles in this series and future NAPXPS spectra of solids and liquids.
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These measurements of air were taken in Berlin, Germany. ‘Berliner Luft’ means ‘Berlin
air’ in English. In addition, ‘Berliner Luft’ is the name of a song from the operetta Frau Luna by
Paul Lincke, which has become ‘the unofficial anthem of Berlin’.12

A4.4 Specimen Description
Host Material: Ambient air of Berlin, Germany
CAS Registry #: N/A
Host Material Characteristics: homogeneous; gas; amorphous; inorganic compound; Other
Chemical Name: Air
Source: Local air
Host Composition: Air (various gases)
Form: Gas
Structure: Primarily N2(g) and O2(g)
History & Significance: Air is ubiquitous. It is essential for life. Furthermore, it can be trapped
in many materials that may be analyzed by NAP-XPS, so the signals from air are expected to
appear in some NAP-XPS spectra.
As Received Condition:
Analyzed Region: Air encountered by the X-ray beam.
Ex Situ Preparation/Mounting: None
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In Situ Preparation: None
Charge Control: Residual gas
Temp. During Analysis: 300K
Pressure During Analysis: 200 Pa
Pre-analysis Beam Exposure: 30s.
A4.5 Instrument Description
Manufacturer and Model: Specs EnviroESCA
Analyzer Type: spherical sector
Detector: other1D delay line detector (1D-DLD)
Number of Detector Elements: 25
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
■Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: silicon nitride
Excitation Source: Al Ka monochromatic
Source Energy: 1486.6 eV
Source Strength: 42 W
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Source Beam Size: 250 m x 250 m
Signal Mode: multichannel direct
■Geometry
Incident Angle: 55 ˚
Source-to-Analyzer Angle: 55 ˚
Emission Angle: 0 ˚
Specimen Azimuthal Angle: 0 ˚
Acceptance Angle from Analyzer Axis: 22 ˚
Analyzer Angular Acceptance Width: 44 ˚
A4.6 Data Analysis Method
Energy Scale Correction: None
Recommended Energy Scale Shift: Zero
Peak Shape and Background Method: A Shirley background was used to calculate peak areas.
Quantitation Method: Elemental compositions were calculated using the standard SPECS
software.
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Table A4.1. Spectral features of interest.
Spectrum

Element/

ID #

Transition

A4.1

O 1s

A4.1
A4.1
A4.1
A4.1
A4.1

N 1s

Valence
Band

Valence
Band

Valence

2.56

406.00

7996.4

1.89

20301.3

35.00

3.64

481.6

21.00

2.32

89.8
507.3

O KLL*

504.46

3.81

2687.0

O 1s

539.30

0.54

859.8

A4.3

N 1s

A4.4

540.00

(eV x cts/s)

1.78

N KLL*

A4.4

FWHM (eV)

Peak Area

15.00

Band

A4.1
A4.2

Peak Width

Peak Energy (eV)

Valence
Band

Valence
Band

366.46

5.51

Peak
Assignment

O2(g)

N2(g)

Valence
band

Valence
band

Valence
band

O auger

2997.1

N auger

0.54

2316.3

N2(g)

33.40

1.16

55.2

20.70

0.54

21.0

405.90
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O2(g)

Valence
band

Valence
band

A4.4
A4.4
A4.5
A4.6

Valence
Band

Valence
Band

O KLL*

N KLL*

14.70

0.47

50.8

11.60

0.43

11.5

504.26

0.77

142.4

366.76

2.97

*Peak energies are indicated as kinetic energies. The work function of instrument is 4.44 eV.
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585.2

Valence
band

Valence
band

O Auger

N Auger

A4.7 Figures

Figure A4.1. XPS survey spectrum of ambient air.
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Figure A4.2. O 1s XPS narrow spectrum of ambient air.
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Figure A4.3. N 1s XPS narrow spectrum of ambient air.
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Figure A4.4. Valence band XPS narrow spectrum of ambient air.
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Figure A4.5. O auger XPS narrow spectrum of ambient air.
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Figure A4.6. N auger XPS narrow spectrum of ambient air.
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Appendix 5: Ethylene Glycol, by Near-Ambient Pressure XPS (NAP-XPS)

A5.1 Statement of Attribution
This document was originally published as Patel, D.I.; O’tani, J.; Bahr, S.; Dietrich, P.;
Meyer, M.; Thißen, A.; Linford, M. R. "Ethylene glycol, by near-ambient pressure XPS",
Surface Science Spectra, 2019, 26, 024007. Here, the texts and figures are reproduced with the
permission from AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.

A5.2 Abstract
Near-ambient pressure x-ray photoelectron spectroscopy (NAP-XPS) is a less traditional
form of XPS that allows samples to be analyzed at relatively high pressures, i.e., greater than 2500
Pa. With NAP-XPS, XPS can analyze moderately volatile liquids, biological samples, porous
materials, and/or polymeric materials that outgas significantly. In this submission we show C 1s,
O 1s, and survey NAP-XPS spectra from ethylene glycol, an organic solvent that could not be
analyzed at near ambient pressures by conventional approaches. An N 1s signal is present in the
survey spectrum of the material.
Keywords: Near-ambient pressure X-ray photoelectron spectroscopy, NAP-XPS, XPS, Ethylene
glycol, Organic solvent
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A5.3 Introduction
Ethylene glycol is a commonly used organic solvent. For example, it is used in antifreezes,
i.e., as a cryoprotectant,1 and as a precursor for the synthesis of polyester fibers, e.g., polyethylene
terephthalate (PET).2, 3 Ethylene glycol is a low volatility liquid because of the hydrogen bonding
between its two hydroxyl groups. In this submission we present the NAP-XPS characterization of
ethylene glycol (HOCH2CH2OH). Previously, moderately low to low volatility liquids have been
characterized with surface analysis tools. For example, XPS and/or NAP-XPS have been used to
characterize ionic liquids,4-6 dimethyl sulfoxide (DMSO)7, water8, and various aqueous solutions.9,
10

The optical constants of polydimethylsiloxane (PDMS) have been determined by spectroscopic

ellipsometry (SE).11 Siegbahn noted the experimental challenges for analyzing liquid samples by
XPS and provided remedies to overcome those problems.12 This manuscript is a part of series of
documents on NAP-XPS that was previously introduced in this journal.13 Data were collected with
the SPECS EnviroESCA instrument.14-17 The spectra of ethylene glycol should be useful
references for NAP-XPS. The most characteristic NAP-XPS peaks associated with ethylene glycol
are its C 1s signal from its two equivalent carbon atoms and its O 1s signal from its two equivalent
oxygen atoms. Obviously, this C 1s signal should be chemically shifted from hydrocarbon carbon
(C-C/C-H) because of the C-O bonds in the molecule. Good peak fits were obtained for the
resulting C 1s narrow scans using Gaussian Lorentzian sum (SGL)18 synthetic peaks and a
universal polymer Tougaard19 background. The gas phase C 1s signals were fit using SGL peaks
with 40% Lorentzian character, and the liquid phase ethylene glycol and adventitious carbon peaks
were fit using SGL functions with 15% Lorentzian character and equal peak widths. These results
align with Siegbahn and coworkers’ report that shows higher binding energies for the gas phase
material compared to that in the liquid phase.20 Estimates of the areas and positions of the O 1s
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O2(g) peak, and the same signals from gas and liquid phase ethylene glycol, were obtained from
narrow scans using a universal polymer Tougaard background.19 Also seen in the survey
spectrum21, 22 is a small N 1s peak at 406 eV from residual nitrogen gas in the analytical chamber.
Sources of this nitrogen gas may include the nitrogen gas used to vent the chamber and/or nitrogen
from the air.
A5.4 Specimen Description
Host Material: Ethylene Glycol, C2H6O2
CAS Registry #: 107-21-1
Host Material Characteristics: homogeneous; liquid; amorphous; organic compound; Other
Chemical Name: Ethylene Glycol
Source: Sigma Aldrich, 99%
Host Composition: Ethylene Glycol
Form: Liquid
Structure: C2H6O2
History & Significance: Ethylene glycol is a widely used organic solvent. Note that it is toxic and
should not be ingested.
As Received Condition: Liquid
Analyzed Region: A region of the liquid.
Ex Situ Preparation/Mounting: A small amount of the liquid was placed in a dish, which was
placed on the instrument sample stage.
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In Situ Preparation: None
Charge Control: Residual gas
Temp. During Analysis: 300K
Pressure During Analysis: 300 Pa
Pre-analysis Beam Exposure: 30s.
A5.5 Instrument Description
Manufacturer and Model: SPECS EnviroESCA
Analyzer Type: spherical sector
Detector: other 1D delay line detector (1D-DLD)
Number of Detector Elements: 25
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
■Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: silicon nitride
Excitation Source: Al Ka monochromatic
Source Energy: 1486.6 eV
Source Strength: 42 W
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Source Beam Size: 250 m x 250 m
Signal Mode: multichannel direct
■Geometry
Incident Angle: 55 ˚
Source-to-Analyzer Angle: 55˚
Emission Angle: 0 ˚
Specimen Azimuthal Angle: 0 ˚
Acceptance Angle from Analyzer Axis: 22 ˚
Analyzer Angular Acceptance Width: 44˚
■Ion Gun
Manufacturer and Model:
Energy: eV
Current:
Current Measurement Method:
Sputtering Species:
Spot Size (unrastered): m
Raster Size: m x m
Incident Angle: ˚

251

Polar Angle: ˚
Azimuthal Angle: ˚
Comment: No ion gun was used during this experiment.
A5.6 Data Analysis Method
Energy Scale Correction: No correction
Recommended Energy Scale Shift: 0
Peak Shape and Background Method: Good fits were obtained to the C 1s narrow scans using
universal polymer Tougaard backgrounds and Gaussian Lorentzian sum (SGL) functions. A
universal polymer Tougaard background was used to calculate the peak areas for the O 1s and
survey spectra.
Quantitation Method: Elemental compositions were calculated using the SPECS instrument
software.
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Table A5.1. Spectral features of interest
Eleme
Spectrum

nt/

ID #

Transi
tion

A5.1

Peak
Energy
(eV)

Peak

Peak

Width

Area

FWHM

(eV x

(eV)

cts/s)

Peak

(at. %)

Assignment

2.64

13286.0

2.47

33.32±0.48

C2H6O2

C 1s

287.0

2.86

8673.6

1.00

55.5±0.58

C2H6O2

A5.1

O 2s

A5.1

Si 2s

154.0

4.70

340.8

A5.1

Si 2p

103.0

1.99

130.1

A5.1

O KLL*

509.2

11.54

8165.1

A5.2

C 1s

286.7

1.35

2586.3

C 1s

406.0
27.0

288.1

2.29
4.39

1.14

2643.7
679.4

C 1s

285.2

1.35

785.9

A5.3

O 1s

533.2

1.69

5799.1

O 1s

539.2

1.06

1.67

10.11±0.48

406.6

N2(g)

C2H6O2
SiOn

impurity#
0.91

1.07±0.48

281.5

A5.2

A5.3

Factor

Concentration

533.0

N 1s

A5.2

vity

O 1s

A5.1
A5.1

Sensiti

*The Auger signal is described in kinetic energy(KE). A work function of the instrument is 4.44 eV.

SiOn

impurity#
C2H6O2

C2H6O2(g)
C2H6O2(l)

Adventitious
Carbon
C2H6O2
O2(g)

# This silicon could be inorganic (SiO2) or polymeric, e.g., a silicone. Traces of these contaminants may have been introduced
during the synthesis, transport, or other handling or the material. The position of this signal suggests it is due to SiO2.
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A5.7 Figures

Figure A5.1. XPS survey spectrum of ethylene glycol
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Figure A5.2. C 1s XPS narrow spectrum of ethylene glycol
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Figure A5.3. O 1s XPS narrow spectrum of ethylene glycol
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Appendix 6: Poly(L-Lactic Acid) (PLLA), by near-ambient pressure XPS
A6.1 Statement of Attribution
This document was originally published as Patel, D.I.; Noack, S.; Vacogne, C.; Schlaad,
H.; Bahr, S.; Dietrich, P.; Meyer, M.; Thißen, A.; Linford, M. R. "Poly(l-lactic acid), by nearambient pressure XPS", Surface Science Spectra, 2019, 26, 024004. Here, the texts and figures are
reproduced with the permission from AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.

A6.2 Abstract
Near ambient pressure (NAP) x-ray photoelectron spectroscopy (NAP-XPS) is a less
traditional form of XPS that allows samples to be analyzed at relatively high pressures, i.e., at 2500
Pa or higher. With NAP-XPS, XPS can analyze moderately volatile liquids, biological samples,
porous materials, and/or polymeric materials that outgas significantly. In this submission we show
C 1s, O 1s, and survey NAP-XPS spectra from poly(L-lactic acid). The C 1s and O 1s envelopes
were fit with three and two Gaussian-Lorentzian sum functions, respectively. Water vapor (800
Pa) was used as the residual gas for charge compensation, which was confirmed by the narrow
signal at 535.0 eV in the O 1s narrow scan. The uniqueness plot corresponding to the C 1s fit
shows that the fit parameters had statistical significance. C 1s and O 1s spectra of PLLA damaged
by exposure to x-rays for ca. 1 hour are also included.
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Keywords: Near-ambient pressure X-ray photoelectron spectroscopy, NAP-XPS, XPS, Water
Vapor

A6.3 Introduction
Poly(L-lactic acid) is an interesting material due to its bioavailability, biodegradability, and
ability to form stereocomplexes.1, 2 It is mostly used in food packaging, 3D printing, and medical
applications.3 The building block, lactic acid, exist in two enantiomers, whereby the L-form is
naturally occurred in biological organisms1 and the DL-form is produced on industrial scale by
bacterial fermentation. Polycondensation of lactic acid produces low molar mass polymers which
are less suited for use in applications.1 Preferably high molar mass polymers are obtained by ringopening polymerization of the cyclic anhydride of lactic acid, i.e., lactide.4 The spectra of PLLA
are important references for NAP-XPS because of its multiple uses, including as a biodegradable
polymer in medical device manufacturing, for cell culturing, and in tissue regeneration.5-7 This
document is part of a series of submissions on NAP-XPS is being submitted to Surface Science
Spectra. NAP XPS technique and articles are introduced in previous paper in this journal.8
In this submission we present the NAP-XPS characterization of poly(L-lactic acid)
(PLLA). To the best of our knowledge, this is the first report of the NAP-XPS of PLLA, although
its conventional XPS spectra have been reported.7, 9 This material was synthesized in the laboratory
of Helmut Schlaad at the University of Potsdam, Potsdam, Germany. Data were collected with the
SPECS EnviroESCA instrument.10-13 The most characteristic NAP-XPS signals associated with
PLLA are in the C1s and O 1s envelopes at ca. 285.0 eV and 534.9 eV, respectively. All spectra
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were shown below were shifted by -1.1 eV in reference to C 1s (C-C/C-H) signal at 285.0 eV in C
1s narrow scan.
We also report herein peak fitting of the C 1s and O 1s peak envelopes using Universal
polymer Tougaard backgrounds.14 Here, Gaussian-Lorentzian sum function (GLS) were used as
the synthetic fit components.15 The C 1s envelope could be fit well with three components at 285.0,
286.9, and 289.0 eV, which corresponded to carbon bonded only to carbon or hydrogen (C-C/CH, C-1), carbon bonded singly to oxygen and secondarily shifted by a neighboring carboxyl group
(C-O, C-2), and carbon in a carboxyl group (O-C=O, C-3). All three of these synthetic GLS peaks
has 5% Lorentzian character. According to the structure of the polymer, these three peaks should
have the equal areas. In our fit, all three peaks have equal areas and widths.
A uniqueness plot16 was generated for C-2 (C-O) by setting one parameter to fit in different
values while second parameter was allowed to float. Here, peak width for C-2 was changed to
specific values and the residual standard deviation (RSD) was measured as function of peak width.
The typical U-shape (see Figure 1) was observed in uniqueness plot, that suggests the statistical
significance of fit parameters.
The O 1s peak envelope could be well fit to three GLS functions with 30% and 10%
Lorentzian character for water vapor and PLLA. Where, two peak from PLLA had equal area.
These two signals appeared at 532.1 (C=O, O-1) and 533.5 (C-O, O-2) eV and signal at 534.9 was
from water vapor. Both the C 1s and O 1s envelopes were shifted by -1 eV to position the C-C/CH C 1s signal (C-1) at ca. 285 eV and O 1s from water vapor to ca. 535.0 eV.
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We also show C 1s (Figure A6.5) and O 1s (Figure A6.7) narrow scans of PLLA damaged
by 1h of exposure to the X-rays. The resulting C 1s and O 1s narrow scans show significant
changes that indicate that XPS analysis of this material should be performed on fresh spots.

A6.4 Specimen Description
Host Material: Poly(L-lactic acid) (PLLA)
CAS Registry #: 26100-51-6
Host Material Characteristics: homogeneous; powder; amorphous; organic compound; Other
Chemical Name: Poly(L-lactic acid)
Source: Schlaad Lab, University of Potsdam, Potsdam, Germany; batch # SN-S 101
Host Composition: Poly(L-lactic acid)
Form: Solid
Structure: (C3H4O2)n
O
O
n

History & Significance: Poly(L-lactic acid) is a biodegradable, bioactive, and thermoplastic
aliphatic polyester.
As Received Condition: Solid
Analyzed Region: Solid sample encountered by the X-ray beam.
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Ex Situ Preparation/Mounting: Sample was placed on the instrument stage.
In Situ Preparation: N/A
Charge Control: Residual gas (water vapor, 800 Pa)
Temp. During Analysis: 300 K
Pressure During Analysis: 800 Pa
Pre-analysis Beam Exposure: 30 s for the normal sample, and 3000 s and 3600 s for the survey
and narrow scans of the damaged sample, respectively.
A6.5 Instrument Description
Manufacturer and Model: SPECS EnviroESCA
Analyzer Type: spherical sector
Detector: other 1D Delay line detector (1D-DLD)
Number of Detector Elements: 25
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
■Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: silicon nitride
Excitation Source: Al K monochromatic
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Source Energy: 1486.6 eV
Source Strength: 42 W
Source Beam Size: 250 m x 250 m
Signal Mode: multichannel direct
■Geometry
Incident Angle: 55 °
Source-to-Analyzer Angle: 55 °
Emission Angle: 0 °
Specimen Azimuthal Angle: 0 °
Acceptance Angle from Analyzer Axis: 22 °
Analyzer Angular Acceptance Width: 44 °
A6.6 Data Analysis Method
Energy Scale Correction: The survey scan and C 1s and O 1s narrow scans were shifted by -1.1
eV, which positioned the hydrocarbon (C-C/C-H, C-1) signal 285.0 eV in C 1s narrow scan.
Recommended Energy Scale Shift: -1.1 eV
Peak Shape and Background Method: The C 1s peak fitting was performed with GaussianLorentzian sum (SGL) functions with 5 % Lorentzian character. O 1s peak fitting was performed
with Gaussian-Lorentzian sum (SGL30 for water O 1s and SGL10 for PLLA O 1s). A Tougaard
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background (U Poly Tougaard) was used in this fit.14 All peak fitting performed in this work was
with CasaXPS (Casa Software Ltd., Version 2.3.18PR1.0).
Quantitation Method: Elemental compositions were calculated using standard SPECS software.
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Table A6.1. Spectral features of interest
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%)

A6.2

O 1s

534.9

2.98

17565.4

(C3H4O2)n and H2O

A6.2

O 2s

27.9

5.42

1258.7

(C3H4O2)n and H2O

31165.6

(C3H4O2)n and H2O

A6.2

C 1s

285.0

A6.2

O KLL*

429.0

A6.3

C 1s

285.9

A6.3

A6.3

O 1s

O 2s

534.9

27.9

5.81

6265.4

4.13

10262.5

5.97

14777.1

3.67

5.19

(C3H4O2)n

(C3H4O2)n and H2O

(C3H4O2)n

1015.9

(C3H4O2)n and H2O

A6.3

O KLL*

448.0

13.01

21609.2

A6.4

C 1s

285.0

1.20

315.6

1.00

A6.4

C 1s

286.9

1.20

315.6

1.00

A6.4

C 1s

289.0

1.20

315.6

1.00
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27.83. ±
1.33

18.77 ±
1.13

21.48 ±
0.82

(C3H4O2)n and H2O
C-C/C-H, (C3H4O2)n
C-O, (C3H4O2)n
C(=O)-O, (C3H4O2)n

A6.5

C 1s

284.8

1.35

703.8

A6.6

O 1s

532.2

1.20

563.5

A6.6

O 1s

533.5

1.20

563.5

A6.6

O 1s

534.9

0.65

1551.9

A6.7

O 1s

534.8

0.63

2572.2

2.47
2.47

15.10 ±
1.05

17.03 ±
2.03

*The Auger signal is described in kinetic energy(KE). A work function of the instrument is 4.44 eV.
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(C3H4O2)n
C=O, (C3H4O2)n
C-O, (C3H4O2)n
H2O

(C3H4O2)n and H2O

A6.7 Figures

Figure A6.1. Uniqueness plot of the C 1s fit of C-2 (C-O) in PLLA
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Figure A6.2. XPS survey spectrum of PLLA
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Figure A6.3. XPS survey spectrum of PLLA after 50 min of X-ray exposure
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Figure A6.4. C 1s XPS narrow spectrum of PLLA
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Figure A6.5. C 1s XPS narrow spectrum of PLLA after 60 min of X-ray exposure
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Figure A6.6. O 1s XPS narrow spectrum of PLLA
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Figure A6.7. O 1s XPS narrow spectrum of PLLA after 60 min of X-ray exposure
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Appendix 7: Effects of Background Gas Composition and Pressure on 1,4-Polymyrcene (and
Polytetrafluoroethylene) Spectra in near-ambient pressure XPS
A7.1 Statement of Attribution
This document was originally published as Patel, D.I.; Matic A.; Schlaad, H.; Bahr, S.;
Dietrich, P.; Meyer, M.; Thißen, A.; Linford, M. R. "Effects of background gas composition and
pressure on 1,4-polymyrcene (and polytetrafluoroethylene) spectra in near-ambient pressure
XPS", Surface Science Spectra, 2020, 27, 014005. Here, the texts and figures are reproduced
with the permission from AIP publishing.
Some information fields are omitted from this document to improve its readability in this
format. We refer readers to the original document for complete sample, instrument information,
and spectral features.

A 7.2 Abstract
Near-ambient pressure XPS (NAP-XPS) is a less traditional form of XPS that allows
samples to be analyzed at relatively high pressures, i.e., at 2500 Pa or greater. With NAP-XPS,
XPS can analyze moderately volatile liquids, biological samples, porous materials, and/or
polymeric materials that outgas significantly. In this submission we show C 1s, O 1s and survey
NAP-XPS spectra from 1,4-polymyrcene. The C 1s and O 1s envelopes are fit with GaussianLorentzian product, asymmetric Lorentzian, and Gaussian-Lorentzian sum functions, respectively.
Water vapor and argon are used to control sample charging, and the corresponding signals from
the gases are present in the survey spectra. The effect of background gas pressure on photoelectron
attenuation is illustrated with a sample of polytetrafluoroethylene.
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Keywords: NAP-XPS, XPS, 1,4-Polymyrcene, Water vapor, Argon

A7.3 Introduction
Terpenes or terpenoids are one of the largest families of natural products that are ubiquitous
in nature, especially in plants.1, 2 Because of their availability, there has been great interest in the
polymerization of terpenes such as β-myrcene, alloocimene, limonene, and α-/β-pinene.3-5 The
acyclic monoterpene β-myrcene, for example, has been polymerized by free radical
polymerization,6 living anionic polymerization,7 as well as by controlled radical or coordination
polymerization to produce polymyrcene.8, 9 In general, polymyrcene does not exhibit a uniform
microstructure and may consist of cis-/trans-1,4-, 1,2-, and 3,4-units (Figure 1), depending on the
polymerization conditions. Polymyrcene usually exhibits a glass transition temperature below
room temperature and has therefore been employed as a bio-based elastomer.10
In this submission we present the NAP-XPS characterization of 1,4-polymyrcene. The
similar spectra obtained with two different background gases (water vapor and Ar) at the same
nominal pressure show the good reproducibility of the method. To help explain the loss of signal
at higher binding energy, survey spectra of polytetrafluoroethylene collected under N2(g) at two
different pressures are also shown. This document is part of a series of submissions on NAP-XPS
being submitted to Surface Science Spectra.11 To the best of our knowledge, this is the first report
of the XPS characterization of 1,4-polymyrcene. The polymer used in this study was synthesized
in the laboratory of Helmut Schlaad at the University of Potsdam, Potsdam, Germany. Data were
collected with the SPECS EnviroESCA instrument.12-15 The spectra of 1,4–polymyrcene are
important references for NAP-XPS because of its use as a replacement for petro-based analogues,
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i.e., it is a bio-based liquid rubber/elastomer.10 The most characteristic NAP-XPS signal associated
with 1,4-polymyrcene is the C1s signal at ca. 285.0 eV.
The NAP-XPS survey spectra16, 17 of 1,4- polymyrcene analyzed in water vapor (Figure
A7.4) and argon gas (Figure A7.5) at the same nominal gas pressure of 700 Pa are shown here.
The survey spectrum obtained in the water vapor (Figure A7.4) includes O 1s and O 2s signals at
536.0 eV and 29.0 eV, respectively, from the residual water vapor used to control sample charging.
Similarly, Figure A7.5 includes Ar 2s and Ar 2p signals at 323.0 eV and 245.0 eV, respectively,
from the argon background gas. We have previously reported the NAP-XPS spectra of water
vapor18 and argon gas.19 In addition, both survey spectra show small Si 2s and 2p peaks at 154.0
and 103.0 eV, respectively, which may be attributed to traces of inorganic or polymeric silicon
species, e.g., silicones. Figure 2 shows a comparison between the two survey spectra (Figures
A7.4 and A7.5), which confirms the reproducibility of the measurements.
We also report the peak fitting of the C 1s and O 1s peak envelopes of 1,4-polymyrcene
analyzed in water vapor using linear backgrounds and Gaussian-Lorentzian product (GL)20 or
asymmetric Lorentzian functions (LA).19 The C 1s envelope could be fit with only one component
(a GL peak with 50% Lorentzian character) at 285.3, which corresponded to carbon bonded only
to carbon or hydrogen. A better fit was then obtained using an LA (3,3.9,0) synthetic line shape.
The O 1s peak envelope was fit to two GLS functions at 536.0 (O 1s, water vapor) and 532.9 eV
(O 1s, condensed phase signal) with 35% and 10% Lorentzian character, respectively. This
document follows previous Surface Science Spectra reports of other polymers analyzed by XPS2124

and NAP-XPS.25-27
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Finally, we show survey spectra of polytetrafluoroethylene (PTFE) taken in nitrogen gas
at 100 Pa and 800 Pa (see Figure A7.3). These spectra reveal increased signal attenuation and
decreased sample charging with higher background gas pressure. The noticeable loss of signal at
higher binding energy (lower kinetic energy) here helps explain the absence of the C Auger signal
in Figure 2.

A7.4 Specimen Description
Host Material: 1,4-Polymyrcene
CAS Registry #: unknown
Host Material Characteristics: homogeneous; liquid; amorphous; polymer; Other
Chemical Name: 1,4-Polymyrcene
Source: Schlaad Lab, University of Potsdam, Potsdam, Germany.
Host Composition: 1,4-Polymyrcene
Form: Viscous liquid
Structure: (C10H16)n

n

History & Significance: 1,4-Polymyrcene is a bio-sourced unsaturated liquid rubber.
As Received Condition: Viscous liquid
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Analyzed Region: Liquid sample encountered by the X-ray beam.
Ex Situ Preparation/Mounting: Sample was placed on the instrument stage.
In Situ Preparation: N/A
Charge Control: Residual gas (Water vapor or Ar, 700 Pa)
Temp. During Analysis: 300 K
Pressure During Analysis: 700 Pa
Pre-analysis Beam Exposure: 30 s.
A7.5 Instrument Description
Manufacturer and Model: SPECS EnviroESCA
Analyzer Type: spherical sector
Detector: other 1D Delay line detector (1D-DLD)
Number of Detector Elements: 25
INSTRUMENT PARAMETERS COMMON TO ALL SPECTRA
■Spectrometer
Analyzer Mode: constant pass energy
Throughput (T=EN): N=0
Excitation Source Window: silicon nitride
Excitation Source: Al Ka monochromatic
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Source Energy: 1486.6 eV
Source Strength: 42 W
Source Beam Size: 250 m x 250 m
Signal Mode: multichannel direct
■Geometry
Incident Angle: 55 °
Source-to-Analyzer Angle: 55 °
Emission Angle: 0 °
Specimen Azimuthal Angle: 0 °
Acceptance Angle from Analyzer Axis: 22 °
Analyzer Angular Acceptance Width: 44 °
■Ion Gun
Manufacturer and Model:
Energy: eV
Current:
Current Measurement Method:
Sputtering Species:
Spot Size (unrastered): m
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Raster Size: m x m
Incident Angle: ˚
Polar Angle: ˚
Azimuthal Angle: ˚
Comment: No ion gun was used during this analysis.
A7.6 Data Analysis Method
Energy Scale Correction: No correction
Recommended Energy Scale Shift: 0
Peak Shape and Background Method: The C 1s peak was fit with a Gaussian-Lorentzian product
(GLP) function with 50% Lorentzian character, i.e., 0.50 is the value of the mixing parameter in
the GLP equation.20 A better fit was then obtained using an asymmetric Lorentzian, LA (3,3.9,0),
synthetic peak shape. Linear backgrounds were used in this fitting. The O 1s peak fitting was with
two Gaussian-Lorentzian sum (SGL) functions with 35% and 10% Lorentzian character,
respectively.
Quantitation Method: Elemental compositions were calculated using the standard SPECS
software.
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Table A7.1. Spectral features of interest
Spectrum
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Si 2s

536.0
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1.98
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3.02

10661.8
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18.42 ± 0.5
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2.38 ± 0.27
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impurity#

Ar

602.1

602.7

H2O(g)#

(C10H16)n

A7.4

A7.5

H2O(g)#

SiOn

0.90

3.93 ± 0.39

impurity#
SiOn

impurity#

A7.6a

C 1s

285.3

0.97

1908.7

(C10H16)n

A7.7

O 1s

536.0

0.62

1093.5

H2O(g)

A7.6b
A7.7

C 1s

O 1s

285.3
532.9

0.90
1.23

1949.4
231.8

*The Auger signal is presented here in kinetic energy (KE). The work function of the instrument is 4.44 eV.

(C10H16)n
H2O(l)#

# The source of Si in this material could be inorganic, e.g., SiO2, or polymeric silicone species, e.g., polydimethylsiloxane
(PDMS), remaining from the polymer synthesis/work-up, transport, or handling. The ca. 1:1 Si:O area ratio here is consistent
with PDMS.
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A7.7 Figures

cis/trans-1,4

1,2

3,4

Figure A7.1. Structure of polymyrcene.

Figure A7.2. Comparison of survey spectra of 1,4-polymyrcene taken in water vapor and argon
background gases.
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Figure A7.3. Comparison of survey spectra of PTFE taken in nitrogen at two different pressures.
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Figure A7.4. XPS survey spectrum of 1,4-polymyrcene with water vapor
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Figure A7.5. XPS survey spectrum of 1,4-polymyrcene with argon gas
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Figure A7.6. C 1s XPS narrow scan spectrum of 1,4-polymyrcene with water vapor fit with (a)
GL and (b) LA line shape
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Figure A7.7. O 1s XPS narrow scan spectrum of 1,4-polymyrcene with water vapor
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Appendix 8: A Tutorial on Spectroscopic Ellipsometry (SE), 3. Surface Roughness
A8.1 Statement of Attribution
This document was originally published as Patel, D. I.; Shah, D.; Hilfiker, J. N.; Johs, B.;
Linford, M. R. “A Tutorial on Spectroscopic Ellipsometry (SE), 3. Surface Roughness” Vacuum
Coating & Technology June 2019, 32-35. Some information fields are modified to improve its
readability in this format. We refer readers to the original document for complete sample,
instrument information, and spectral features.
A8.2 Introduction
This article is part of a series we are writing on spectroscopic ellipsometry (SE). In the
first, we discussed some of the fundamentals of spectroscopic ellipsometry.1 In the second, we
described a method to determine oxide thicknesses on semiconductors.2 In the third, we introduced
the Cauchy model.3 Here we talk about another important aspect of SE data modeling: surface
roughness. Essentially all samples possess some roughness at their surfaces, and we can categorize
the roughness as one of two types: macroscopic or microscopic.4 The dimensions of macroscopic
roughness are greater than the wavelength of light used to probe it. The dimensions of microscopic
roughness are much smaller than that of wavelength of light. Unlike macroscopic roughness,
microscopic roughness does not scatter (redirect) incident light. However, microscopic roughness
does affect the specular reflection and provides additional information about a surface. Numerous
studies have demonstrated good correlation between surface roughness characterized by
ellipsometry, and directly measured by atomic force microscopy (AFM).5-7 We will focus on
microscopic roughness in this article.
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A8.3 Discussion
We often use a simple method to model surface roughness in SE: an effective medium
approximation.8-9 Here, the optical constants of a roughness layer are modeled as a mixture of the
optical constants of the two materials it is assumed to be made of. For example, a roughness layer
on glass could be described as a mixture of the optical constants of glass and air. The Bruggemann
effective medium approximation (BEMA)8, 10 (Equation 1) is often used to describe the optical
constants of roughness layers:
(1)

𝑓𝑓𝑎𝑎

2 −𝑛𝑛2
𝑛𝑛𝑎𝑎
𝐸𝐸𝐸𝐸𝐸𝐸

2 +2 𝑛𝑛2
𝑛𝑛𝑎𝑎
𝐸𝐸𝐸𝐸𝐸𝐸

𝑛𝑛2 −𝑛𝑛2

+ (1 − 𝑓𝑓𝑎𝑎 ) 𝑛𝑛2𝑏𝑏+2 𝑛𝑛𝐸𝐸𝐸𝐸𝐸𝐸
=0
2
𝑏𝑏

𝐸𝐸𝐸𝐸𝐸𝐸

Here, fa is the fraction of species a in the mixed layer, na and nb are the refractive indices of species
a and b, respectively, and nEMA is the effective index of refraction of the roughness layer. Other
approximations are also employed, including linear and Maxwell Garnett EMAs.11-12
Because roughness layers are often very thin, it is not always possible to determine both their
thicknesses and optical constants. Accordingly, the fractions for the two layers are assumed to be
equal in a BEMA so that the thickness of the roughness layer can be more easily estimated.13
Roughness layers are easily introduced in modeling performed with the CompleteEASE and FS-1
software packages.
Here, we discuss four points regarding surface roughness: (1) Many samples have some surface
roughness, which can significantly affect the SE data, (2) Roughness has a greater impact at shorter
wavelengths than at longer wavelengths, (3) Roughness has a greater impact on high refractive
index materials, and (4) Roughness matters more on opaque (optically thick) films than transparent
films.
1. Many samples have some surface roughness
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SE is very surface sensitive due to its measurement of relative phase described by the Delta
term. A rough surface will reduce the optical density at the interface, and this will affect the
measurement. As we will point out later, certain samples will be more or less sensitive to the
presence of roughness. It is important to note that unlike methods such as atomic force microscopy
that can image the roughness, SE must infer the level of roughness based on its effect on the
measurement parameters averaged over the diameter of the probing beam. Roughness will appear
as a lower optical density material, which results in a reduced refractive index. This leads to a
second caveat for SE measurements of roughness. Since roughness layers can be very thin (< 10
nm) and still affect the SE data, they can be correlated with other surface layers that would also
lower the optical density (index). For example, oxidation of a surface or a thin coating of organic
contamination can often be confused as roughness when modeling SE data. To fully understand a
surface, other characterization methods (such as AFM or XPS) may need to be combined with SE.
To test whether a surface is rough, we often use a simple test of whether the MSE improves
significantly when adding this extra complexity to our model.
In our previous article, we discussed the Cauchy model and its applicability to transparent
films.3 We now apply the Cauchy equation to fit the refractive index and thickness for a Ta2O5
film deposited on a fused silica substrate. Table 1 shows the results from the Cauchy fit for
wavelengths between 320 nm and 1000 nm for both the case of a single layer and one with a rough
surface. Interestingly, SE can accurately measure the thickness of the film without modeling the
roughness, but the roughness plays a significant role in improving the MSE and better fitting the
data. Note that because delta can range over 360°, it is often difficult to see changes in this
parameter, but the phase is often affected by a rough surface. The top panel in Figure A8.1 appears
to show little difference between the raw data, the predictions for delta from the Cauchy model
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without roughness, and the predictions for delta from the Cauchy model with roughness. The
improvement in the fit when roughness is added to the model becomes apparent in the difference
graphs shown in the lower panel in Figure A8.1 and the corresponding improvement in MSE
shown in Table A8.1.
Table A8.1. Comparison of the thickness parameters from models with and without roughness for
a Ta2O5 film on fused silica*
Parameters

Cauchy

Cauchy + Roughness

Thickness (nm)

465.76 ± 0.2

466.42 ± 0.09

MSE
A
B

16.240

7.475

1.997 ± 0.0008

1.997±0.00037

0.0161 ± 0.00018

C

n @ 633 nm

0.01517 ± 8.4E-05

0.00146 ± 1.7 e-5

0.00155 ± 7.8 e-06

2.04584

2.04501

Thickness of roughness --

3.02 ± 0.026

layer (nm)

*The SE data in this table and in the text were taken directly from results provided by the CompletEASE software. We do not claim
that all the digits in these numbers are statistically significant.

We similarly show the importance and effect of surface roughness using the FS-1 software
from Film Sense. In the example shown in Figure A8.2, FS-1 multi-wavelength ellipsometry data
acquired of a silicon nitride film on silicon were analyzed. The inclusion of a roughness layer in
the model significantly improved the quality of the fit, reducing the Fit Difference (which
quantifies the “goodness” of fit) by over a factor of 3 (from 0.0198 for the ideal model without
surface roughness, down to 0.0059 when surface roughness was included in the model).
2. Roughness has greater impact at shorter wavelengths than longer wavelengths
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To illustrate that roughness has a greater impact on SE results at shorter wavelengths than
longer ones, we simulated a 1000 nm alumina film on a transparent substrate using the
CompleteEASE software. Here, the substrate was modeled with a Cauchy with A, B, and C
parameters of 1.45, 0.01, and 0, respectively. The thickness of the film was kept constant as
roughness was added to the model. Psi values were generated for different roughness values of 0,
10, and 20 nm (see Figure A8.3). We observed larger shifts in psi at shorter wavelengths. Delta
(the phase difference) also changed when the surface roughness was increased (see Figure A8.4).
Here, delta oscillates around zero when there is no roughness but tilts upward at shorter
wavelengths in the presence of a rough surface. Again, we observed larger changes in delta at
shorter wavelengths.
3. Roughness has a greater effect on higher refractive index materials
We mentioned the BEMA model for a roughness layer, which considers the roughness as a
mixture of a bulk material and ambient air (void). The void has a refractive index of unity, so if
the refractive index of the bulk material is also low (close to 1) the effective refractive index of the
roughness layer will be low, and light will not interact strongly with it. If the bulk layer has a
higher refractive index, the average index of the roughness layer will also be higher, and light will
interact with it more. In general, it is the index difference between two materials that provides
ellipsometry with the best sensitivity, so as the index increases there will be much larger index
contrast between the bulk material and the rough surface. We chose two bulk materials to illustrate
these points. One has a low index of refraction (magnesium fluoride, MgF2, n at 633 nm is 1.38)
and another with high index refraction (tantalum oxide, Ta2O5, n at 633 nm is 2.16). Data were
simulated for 1000 nm films of these materials on a transparent substrate (modeled with Cauchy
layer with A = 1.45, B = 0.01 and C = 0). Ψ(λ) and Δ(λ) were generated for these films with 0, 10,
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and 20 nm of roughness on them. Here, we observed very little change in the psi values of MgF2
with increasing surface roughness (see Figure A8.5) and somewhat larger shifts in delta (see
Figure A8.6). The effects were larger for Ta2O5, especially for psi. Here as the thickness of the
roughness layer increased the psi values (see Figure A8.7) and delta values (see Figure A8.8)
changed significantly at shorter wavelengths.
4. Roughness matters more on opaque (optically thick) films than transparent films
Light cannot penetrate an optically thick (opaque) material, so all the information about the
material that can be gained by SE is obtained from the reflection of the light from its outermost
surface. This is quite well illustrated in Figure A8.7 and A8.8. Here, the sample became opaque
below ca. 300 nm, which led to a large change in both psi and delta with increasing roughness.
Thus, beyond this point, we no longer have information about the thickness of the layer (this is
determined from longer wavelengths where the film is transparent), but we suddenly gain very
high sensitivity to the surface quality.
A8.4. Conclusion
In this article, we have discussed the sensitivity of spectroscopic ellipsometric (SE) data to
surface roughness, and its dependence on measurement wavelength, film index of refraction, and
absorption in the film. We have also demonstrated the importance of including surface roughness
in the optical model which is used to analyze the SE data. While this does increase the complexity
of the model, it can significantly improve the quality of the data fit, and also improve the accuracy
the film thickness and index of refraction parameters determined in the analysis. Consequently,
surface roughness is very commonly utilized in SE data analysis.

304

A8.5. Figures

Figure A8.1. (Top) Experimental delta data measured from a Ta2O5 film on fused silica and the
model-fit results with and without roughness. (Bottom) The same data expressed as difference
graphs.
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Figure A8.2. Comparison of models without (left) and with (right) surface roughness for a thick
silicon nitride film on Si measured with the FS-1 multi-wavelength ellipsometer.

306

Figure A8.3. Psi values for 0, 10, and 20 nm of roughness on a 1000 nm alumina film on a
transparent substrate (65° angle of incidence).

Figure A8.4. Delta values for 0, 10, and 20 nm of roughness on a 1000 nm alumina film on a
transparent substrate (65° angle of incidence)
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Figure A8.5. Psi values for 0, 10, and 20 nm of roughness on a 1000 nm MgF2 film on a transparent
substrate (65° angle of incidence).
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Figure A8.6. Delta values for 0, 10, and 20 nm of roughness on a 1000 nm MgF2 film on a
transparent substrate (65° angle of incidence).

Figure A8.7. Psi values for 0, 10, and 20 nm of roughness on a 1000 nm Ta2O5 film on a
transparent substrate (65° angle of incidence).
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Figure A8.8. Delta values for 0, 10, and 20 nm of roughness on a 1000 nm Ta2O5 film on a
transparent substrate (65° angle of incidence).
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Appendix 9:A Tutorial on Spectroscopic Ellipsometry (SE), 5. Using the Tauc-Lorentz and
Cody-Lorentz Models to Describe the Absorption features of Amorphous Silicon (a-Si)
A9.1 Statement of Attribution
This document was originally published as Patel, D. I.; Shah, D.; Hilfiker, J. N.; Linford,
M. R. “A Tutorial on Spectroscopic Ellipsometry (SE), 5. Using the Tauc-Lorentz and CodyLorentz Models to Describe the Absorption features of Amorphous Silicon (a-Si)” Vacuum
Coating & Technology Sept 2019, 34-37. Some information fields are modified to improve its
readability in this format. We refer readers to the original document for complete sample,
instrument information, and spectral features.
A9.2 Introduction
This article is part of a series on spectroscopic ellipsometry (SE). In the first, we discussed
some of the fundamentals of spectroscopic ellipsometry.1 In the second, we presented a method to
determine native oxide thicknesses on semiconductors.2 In the third, we introduced the Cauchy
model.3 In the fourth, we described the importance of surface roughness in SE modeling.4 In the
fifth, we showed the role of angle offsets.5 Here, we describe how two important oscillators, the
Tauc – Lorentz (TL) and the Cody – Lorentz (CL), can model the optical functions of amorphous
Si (a-Si). Films of a-Si are used in thin film transistors and environmentally friendly photovoltaic
devices.6-8 Thus, the optical properties of a-Si are important for the manufacture of electronic
devices – for verifying, monitoring, and understanding a-Si depositions. Films of a-Si are
transparent at longer wavelengths, but absorbing in the UV-Vis region.9-10 The TL and CL models
were developed to model absorbances of materials in the UV-Vis.11-12
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It is important to understand that, in a very real sense, the different oscillator models, e.g., the
Cauchy, Sellmeier, Drude, Gaussian, Lorentzian, TL, and CL models, are just mathematical
shapes. However, they are useful shapes because (i) many optical functions of materials have these
shapes, and (ii) most of these models/shapes have an underlying physical/theoretical basis.
Oscillators have adjustable parameters associated with them to allow them to adapt to and best fit
the optical functions of real materials. However, these oscillators do not have infinite flexibility.
For example, if you use a Gaussian or a Lorentzian oscillator you will only be able to vary its peak
position, width, and amplitude (height). Accordingly, if you had an absorbance with a basic
Gaussian or Lorentzian shape, but that was also tailing to a significant extent, i.e., it was distorted
from the fundamental Gaussian or Lorentzian shape, you should not expect that a single Gaussian
or Lorentzian oscillator would fully fit/model this absorbance. Thus, it is not uncommon to use
more than one oscillator to model the absorbance of real materials. For example, the series of
complex absorptions observed in many polymers and OLED (organic light-emitting diode)
materials will require multiple oscillators if this approach is taken to model them.
A 9.3 Discussion
The Lorentz oscillator (Eq. 1) is a basic line shape used to describe the optical functions of
absorbing thin films. Lorentz oscillators are also important in other areas of science. For example,
they are important in modeling/fitting/understanding X-ray photoelectron spectroscopy (XPS)
signals.13 The Lorentz equation is defined as follows:
(1)

𝐴𝐴

𝜀𝜀2 (𝐸𝐸) = 𝐸𝐸2−𝐸𝐸2−𝑖𝑖𝐵𝐵𝐵𝐵
0

Here, A gives the amplitude, which defines the height of the function, E0 is the center
energy, and B gives the damping, which provides the width or broadening of the peak. This
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equation requires three free parameters to describe an absorption: A, B, and E0. The 1 shape for
most oscillator functions is determined via the Kramers-Kronig relation along with an offset,
1(∞). The standard Lorentz shape was modified by Jellison and Modine to include a bandgap
term, such that it could describe the optical functions of dielectrics and semiconductors with no
absorption below their bandgap.12 This function is the Tauc-Lorentz (TL) model (see Eq. 3). This
model follows the Tauc law formula (Eq. 2) for the imaginary part of the dielectric function near
the material’s band-gap. George D. Cody suggested a different function (see Eq. 4) for absorption
near the band edge of amorphous semiconductors (Eq. 4).14 Taking advantage of this insight,
Collins and Ferlauto developed the Cody – Lorentz oscillator (CL) to model the optical functions
of a-Si thin films alloyed with carbon and germanium (see Eqns. 5 and 6).11 In their equations, the
Lorentzian part dominates for E near E0, while the equation switches over to the Cody law behavior
near the bandgap. They even introduced an Urbach tail to describe the absorption from defect
states that are within the bandgap. Both, the TL and CL models are Kramers-Kronig (K-K)
consistent. (Here is a brief explanation of what ‘K-K consistency’ means. The index of refraction,
n, and extinction coefficient, k, of a material (or ε1 and ε2, which are easily derived from n and k)
are not independent. That is, a change in absorption, k (or ε2), will simultaneously change n (or
ε1). The mathematical connection between n and k is the Kramers-Kronig relationship.)
The TL and CL oscillators are quite elaborate. The Tauc-Lorentz equation (Eq. 3) follows
the Tauc Law formula (Eq. 2)15,
(2)

𝜀𝜀2 (𝐸𝐸) ∝

(3) 𝜀𝜀2 (𝐸𝐸) =

(𝐸𝐸−𝐸𝐸0 )2
𝐸𝐸 2

𝐴𝐴𝐸𝐸0 𝐶𝐶�𝐸𝐸−𝐸𝐸𝑔𝑔 �

2
�𝐸𝐸 2 −𝐸𝐸02 �

2

+ 𝐶𝐶 2 𝐸𝐸 2
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1

𝐸𝐸

, 𝐸𝐸 > 𝐸𝐸𝑔𝑔 ; 𝜀𝜀2 (𝐸𝐸) = 0, 𝐸𝐸 ≤ 𝐸𝐸𝑔𝑔

Here Eg is the optical band gap energy, A is an amplitude, E0 is the resonant energy, and C is the
oscillator width (broadening). This equation requires four free parameters (A, C, Eg, and E0) to
describe 2 as illustrated in Figure 1.
The Cody – Lorentz equation15 (Eqs. 5 and 6) also includes an Urbach absorption term (Eq.
5) to allow for exponentially decreasing absorption below the band gap
(4) 𝜀𝜀2 (𝐸𝐸) ∝ �𝐸𝐸 − 𝐸𝐸𝑔𝑔 �
(5) 𝜀𝜀2 (𝐸𝐸) =

2

𝐸𝐸𝑡𝑡 𝐺𝐺(𝐸𝐸𝑡𝑡 )𝐿𝐿(𝐸𝐸𝑡𝑡 )
𝐸𝐸

𝐸𝐸−𝐸𝐸𝑡𝑡

𝑒𝑒𝑒𝑒𝑒𝑒 �

(6) 𝜀𝜀2 (𝐸𝐸) = 𝐺𝐺(𝐸𝐸)𝐿𝐿(𝐸𝐸) = �

𝐸𝐸𝑢𝑢

� , 0 < 𝐸𝐸 ≤ 𝐸𝐸𝑡𝑡 ;

�𝐸𝐸− 𝐸𝐸𝑔𝑔 �

�𝐸𝐸− 𝐸𝐸𝑔𝑔 �

2

2

+ 𝐸𝐸𝑝𝑝2

𝐴𝐴𝐸𝐸 ΓE

� �(𝐸𝐸− 𝐸𝐸 0)2Γ2𝐸𝐸2 � , 𝐸𝐸 > 𝐸𝐸𝑡𝑡
0

Here Eg is the optical band gap energy, A is the amplitude, E0 is the resonant energy, Γ gives the
broadening, Et defines the transition from the Urbach tail to the band-to-band absorption, and Ep
determines where the absorption shifts from the Cody behavior to Lorentzian absorption. Both Et
and Eu are related to the Urbach tail. This equation requires a total of 5 parameters without the
Urbach tail and 7 free parameters when the Urbach tail is included: A, Γ, E0, Eg, Ep, Eu, and Et.
As noted, amorphous silicon films are transparent at longer wavelengths and absorb
strongly in the UV-Vis region of the spectrum. Recall that crystalline materials often show sharp
absorbances, but that these tend to broaden as a material becomes increasingly amorphous.
Accordingly, it is reasonable to consider TL and CL oscillators when fitting a-Si SE data. We will
now describe the use of these oscillator models to fit SE measurements obtained from a thin film
of a-Si on glass. Figure A9.1 shows experimental SE data obtained at three angles along with a fit
to it that was obtained with a single TL oscillator (MSE 41.9), and Figure A9.2 shows the same
data fit with a single CL oscillator (MSE 36.0). Here, ‘MSE’ stands for ‘mean squared error’. The
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MSE is a measure of the goodness of the fit, i.e., the quality of the model. MSE values as large as
these (41.9 and 36.0) for this moderately simple material suggest a mediocre fit to the data. This
conclusion is confirmed by comparing the Ψ and Δ spectra (the raw SE data) to the fits to them
that were obtained via the TL and CL models (see Figures A9.1 and A9.2). That is, notice how
the dashed lines (the fits) differ from the colored lines (the raw data). It is always a good idea to
compare the results from one’s model to the original data in this manner. These results suggest
that there is either a problem with our model, or that it is incomplete.
Silicon is a highly reactive material. If it is exposed to air it will form a thin, passivating
oxide layer, which is often referred to as a ‘native oxide’. Accordingly, we added an oxide layer
to our models. When we did this, there was a dramatic improvement in the results. The MSE values
for the TL and CL models are now 2.5 and 1.9, respectively. This significant improvement is
confirmed in Figures 3 and 4, which shows the original Ψ and Δ spectra and the fits to them – both
models are now fitting the data very well. The best fit to the parameters of these models and layer
thicknesses from the instrument software are given in Table A9.1. The CL model fits the data
better than the TL model. This is a consequence of the different absorption shape near the bandgap.
It is important to note that the Urbach absorption tail was not needed, so the CL had only one
additional free parameter as compared to the TL model. Figure 5 shows the optical functions for
a-Si obtained with the TL and CL models. They are essentially identical except around the band
edge. This region is shown in Figure A9.6.
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Table A9.1. Values of the parameters and thicknesses obtained from modeling an a-Si layer on
glass with a native oxide layer at its outermost surface.
Parameters

Tauc-Lorentz (TL)

Cody-Lorentz (CL)

Thickness SiO2 (nm)

4.84 ± 0.006

4.80 ± 0.005

Thickness a-Si (nm)
MSE
A (Height of feature)
C or Γ (Broadening)
ε1(∞)
Ep
E0
Eg
Eu1 (Urbach tail parameter)
Et1 (Urbach tail parameter)
% Thickness non uniformity

104.95 ± 0.010

104.92 ± 0.008

198.31 ± 0.18

98.55 ± 0.37

2.533

1.895

2.34 ± 0.0026

2.56 ± 0.0025

-

1.564 ± 0.007

0.876 ± 0.008

3.604 ± 0.001

1.170 ± 0.007

3.687 ± 0.002

1.669 ± 0.0005

1.620 ± 0.0007

-

Not used

-

3.64 ± 0.06

Not used

3.30 ± 0.05

*The SE data in this table and in the text were taken directly from results provided by the CompleteEASE software. We do not
claim that all the digits in these numbers are statistically significant.
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A9.4 Figures

Figure A9.1. Tauc-Lorentz (TL) shape for ε2 illustrating the four free parameters: A, C, Eg, and
E0.

Figure A9.2. Psi and Delta values of an a-Si film on glass obtained at four different angles of
incidence (60°, 65°, 70°, and 75°) compared to results from a TL model that did not include an
oxide layer.
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Figure A9.3. Psi and Delta values of an a-Si film on glass obtained at four different angles of
incidence (60°, 65°, 70°, and 75°) compared to results from a CL model that did not include an
oxide layer.
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Figure A9.4. Psi and Delta values of an a-Si film on glass obtained at four different angles of
incidence (60°, 65°, 70°, and 75°) compared to results from a TL model that included an oxide
layer.

Figure A9.5. Psi and Delta values of an a-Si film on glass obtained at four different angles of
incidence (60°, 65°, 70°, and 75°) compared to results from a CL model that included an oxide
layer.
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Figure A9.6. The optical functions of a-Si film modeled with Tauc-Lorentz (TL) and CodyLorentz (CL) oscillators.

Figure A9.7. Extinction coefficients (k) of a-Si film obtained via Tauc-Lorentz (TL) and CodyLorentz (CL) models.
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Appendix 10: Determining the Thickness of Thiol-on-Gold Monolayers by Spectroscopic
Ellipsometry
A10.1 Statement of Attribution
This document was originally published as Patel, D. I.; Lippert D.; Shah, D.; Seo, DJ;
Hilfiker, J. N.; Linford, M. R. “Determining the Thickness of Thiol-on-Gold Monolayers by
Spectroscopic Ellipsometry” Vacuum Coating & Technology Nov 2020, 33-38. Some information
fields are modified to improve its readability in this format. We refer readers to the original
document for complete sample, instrument information, and spectral features.
A10.2 Introduction
Self-assembled monolayers (SAMs) are made of organic molecules that have a functional
group that binds to an inorganic substrate (see Figure A10.1a). Thus, SAMs can be bridges
between inorganic substrates and organic materials. Three of the most common substrates for
SAMs are gold, silica, and hydrogen-terminated silicon. SAMs have been used extensively to
functionalize and stabilize nanomaterials,1 as building blocks in biomedicals devices,2, 3 and as
thin films to protect from corrosion and friction.4, 5 Organosulfur SAMs, typically made from thiols
on gold, are very widely used. They have been used to microfabricate medical devices,2, 3 as resists
in lithography,1 to immobilize biomolecules on biosensors,3 for molecular electronics,6 and to
stabilize gold nanoparticles.7 The formation and properties of these SAMs on gold have been
extensively studied over the years by a host of analytical techniques that have included infrared
spectroscopy, electrochemical methods, contact angle measurements, X-ray photoelectron
spectroscopy (XPS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), single
wavelength ellipsometry (this was when more advanced ellipsometers were not widely available),
and spectroscopic ellipsometry (SE).8-13
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A10.3 Discussion
In a typical ellipsometric measurement, light of a known polarization state is reflected from
a surface. The standard equation of ellipsometry for isotropic materials, Equation 1, relates the
ratio of the reflected intensities of the p- and s-polarized light, rp and rs, which are the light parallel
(p) and perpendicular (s) to the plane of incidence, to two parameters: psi (Ψ) and delta (Δ).
𝜌𝜌 =

𝑟𝑟𝑝𝑝
𝑟𝑟𝑠𝑠

= tan(𝜓𝜓) ∙ 𝑒𝑒 𝑖𝑖Δ

(1)

Here, ρ (rho) is a complex number, tan(ψ) is the ratio of the amplitudes of the reflected p- and spolarized light beams, and Δ is the phase shift between them.
Here we describe both in theory and in practice how to use SE to determine the thickness
of a thiol-on-gold SAM. It is based on the fact that the optical properties of thin metal films tend
to depend quite strongly on their deposition conditions and thicknesses.14 Thus, to obtain an
accurate measurement of the thickness of a SAM on gold, one should first determine the optical
constants of the underlying gold film. This situation for gold is fundamentally different from that
of crystalline silicon, which is a commonly used substrate for surface studies. The optical constants
of crystalline silicon are very well known and do not need to be determined each time an SE
measurement is made on it. Of course, the optical properties of amorphous silicon vary depending
on how it is made and the degree to which other atoms, e.g., hydrogen, are present in it.
The approach we will take is based on two SE measurements: the first is of a bare gold
substrate (see Figure A10.1b), and the second is of a SAM on that substrate (see Figure A10.1c).
While ellipsometers are remarkably sensitive instruments, thiol-on-gold monolayers are very thin
(1-2 nm), so we should anticipate that there will be a few challenges associated with this
measurement. Figure A10.2 shows the raw Ψ(λ) data for both our bare gold substrate and a
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monolayer of hexadecanethiol on that substrate. We immediately notice that there is very little
difference between these spectra. That is, these spectra will probably not be very helpful here.
Figure A10.3 shows the Δ(λ) data for both our bare gold substrate and a monolayer of
hexadecanethiol on that substrate. In this case, we observed a noticeable difference between the
spectra. These results are not unique to this problem. In general, a very thin film on a substrate
causes a noticeable change in Δ, but not in Ψ. Also notice in Figure A10. 3 that Δ decreases when
a film is put on the substrate.
To better understand how the thickness of a SAM influences Ψ(λ) and Δ(λ), we simulated
the SE of 1, 2, 4, and 8 nm thin organic films on gold. Figure A10. 4 shows the resulting Ψ(λ)
spectra from 600 – 1200 nm. We again notice that there is very little difference between these
spectra – these spectra will not be very helpful in determining the thicknesses of these layers. In
contrast, Figure A10.5 shows that there is a noticeable difference in the Δ(λ) spectra over the same
wavelength range. Note that the Δ(λ) curves decrease as the overlayer thickness increases.
Our first step to determine the thickness of a SAM on gold is to find the pseudo optical
constants of the bare gold substrate. We use “<” and “>” to signify pseudo optical constants. The
pseudo optical constants of a material are easily obtained from Ψ and Δ using Equation 2:
< ε > = < 𝜀𝜀1 > + 𝑖𝑖 < 𝜀𝜀2 > = (< n > + i < 𝑘𝑘 >)2 = sin(∅)2 ∙ �1 + tan(∅)2 ∙ �

1 − 𝜌𝜌 2
� �
1 + 𝜌𝜌

(2)

Here, <ε1> and <ε2> are the real and imaginary parts of the pseudo dielectric function, <n> and
<k> are the real and imaginary pseudo optical constants, i.e., n and k are the index of refraction
and extinction coefficient, respectively, and Φ is an angle of incidence of the beam. Figure A10.6
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shows the dropdown menu in the J. A. Woollam software (CompleteEASE©) that executes the
calculation of Equation 2. The basic idea here is that through Equation 2 we can quickly convert
Ψ and Δ, which are easily measured for a substrate, into the pseudo optical constants of a material.
Nevertheless, while these pseudo optical constants are easily calculated, they should only be used
with care because their calculation is based on some underlying assumptions. First, we are
assuming that the material is perfectly flat, homogeneous, and clean – we rarely satisfy even one
of these requirements, let alone all three. A second problem is that real optical constants do not
have noise on them – the real optical constants of materials cannot change abruptly. Nevertheless,
because the ellipsometric measurement always has some noise associated with it, this noise is
transferred into the pseudo optical constants, which is unphysical. Figure A10.7 shows the pseudo
optical constants we obtained from a thin film of gold, which show some noise.
Now, the truth is that the pseudo optical constants shown in Figure A10.7 will allow us to
determine the thickness of a thiol SAM on this gold reasonably well. Nevertheless, a more robust
way of handling this situation is to fit the pseudo optical constants of gold to a B-spline polynomial,
where we use the optical constants of bulk gold as a starting point for this calculation. Once we
have these noise-free optical constants for our gold film, we build a very simple two-layer model
to represent our thiol-on-gold system. This model consists of an SiO2 layer on a gold substrate.
The SAM film is thin enough that its optical properties can be approximated using the optical
constants of SiO2. That is, as a film becomes thinner, its optical constants play less and less of a
role in determining its thickness. We finish this section with two other points. The first is that SE
only returns an average response over the measurement beam. In other words, parts of the
monolayer may actually be thicker or thinner than the value we obtain by SE. Second, the
orientation of the thiol molecules in the SAM (the alkyl chains are ‘standing up’ on the surface),
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suggests that the system should be optically anisotropic. However, because the optical constants
of very thin films cannot, in general, be determined by SE, SE is also not sensitive to anisotropy
in very thin films.
A10.4 Appendix
The following is a complete procedure for determining the thickness of a thiol monolayer on
gold using the CompleteEASE© software package from the J.A. Woollam Company (Lincoln,
NE). This procedure starts with the determination of the pseudo optical constants of gold, which
are then used to find a better optical model of the substrate via a B-Spline layer.
1. Under the “Analysis” tab in CompleteEASE© open the data file of interest for the bare
substrate. (We are assuming here that the reader knows how to make basic ellipsometric
measurements on a J.A. Woollam spectroscopic ellipsometer.) In our particular example
here, we are opening a file named “Au on Silicon.SE”.
2. Convert Ψ and Δ into the pseudo optical constants, <n> and <k>, of gold using the
“<Pseudo> Transforms…” option in the “Data” dropdown menu (See Figure A10.6).
(You only have to select “<n>” for the entire transformation to be made.) Note that this
transformation of the experimental data assumes a single reflection from the surface. The
gold films used to make SAMs are usually opaque and satisfy this condition. The pseudo
optical constants we obtained from “Au on Silicon.SE” are shown in Figure A10.7.
We now demonstrate the use of a B-spline layer to generate noise-free optical constants for gold
starting with the pseudo optical constants that we obtained in Step 2.
3. Under “Model” press the “Open” button, select the “Library” tab, select the “Basic”
folder, and open the “Blank.mod” model, as shown in Figure A10.8.
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4. Click on “none” in “Substrate = none”, choose the “Library” tab, select the “Basic”
folder and open the “B-Spline.mat” file, as shown in Figure A10.9. The B-Spline is a
powerful and versatile tool for modeling the optical constants of materials.15
5. Expand the B-spline layer by clicking on the “+” sign next to “Substrate = B-Spline”, and
set the resolution to 0.1 eV. This resolution determines the spacing between the nodes of
the B-spline, which differs depending on the class of material being analyzed.
6. The B-spline layer as it is now set up shows initial values of n = 1.5 and k = 0. However,
gold will not have k = 0 at visible wavelengths because it is a metal. Thus, we must provide
a better starting point for the B-spline fit. Accordingly, we will choose some closely related
optical constants for this starting point. In the B-spline menu under “Nodes” choose the
“Starting Mat.” to be the “Au.mat” file, as shown in Figure A10.10. These optical
constants for gold came from Palik’s database (I: pp 293-294): 207-1823 nm). These
optical constants from Palik are shown in Figure A10.11.
7. Under the “Fit:” field, press “Generate”. This operation generates a B-spline model based
on Palik’s optical constants (see Figure A10.12).
8. Now in the “Fit:” field press “Fit”. This operation adjusts the nodes in our B-spline model
to best fit the experimental data. Figure A10.13 shows the results of this operation. Note
the very good fit, which is consistent with the low mean squared error (MSE) of 0.426 in
the “Fit:” field.
9. Right click on “B-Spline” in “Substrate = B-Spline” and select “Graph Layer Optical
Constants” (see Figure A10.14). We have now obtained the optical constants for gold for
our substrate. Now, to save these optical constants, right click on “B-Spline” in “Substrate
= B-Spline” and select “Save Layer Optical Constants”. We chose to name them “Au_B-
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Spline”. These are the optical constants we will use to determine the thickness of thiol
SAM on this substrate.
Thiol SAMs on gold were synthesized by liquid phase deposition from a 1 mM solution of
hexadecanethiol in toluene overnight. After deposition, the samples were washed with dry toluene
to remove residual thiol and dried with a jet of nitrogen gas. SE was then performed on the sample.
10. Open the data file for the SAM on gold in CompleteEASE©. In the “Model:” field click
on “none” in “Substrate = none” and select the optical constants for gold that we just
generated (Au_B-Spline).
11. In the “Model:” field, under “Layer Commands:” press “Add”. At this point, click when
the blue line is above the rectangle that represents the substrate (see Figure A10.15). If the
blue line is below the rectangle, the software will insert a layer below the substrate, which
is not what we want. Now go to the “Library” tab under “File Location:”, select the
“Dielectric” folder, and open the optical constants for silicon dioxide: “SiO2_JAW.mat”
(see Figure A10.16). The resulting model is shown in Figure A10.12. Here we model the
thiol monolayer using the optical constants for SiO2. This is a good approximation because:
(i) hydrocarbons and SiO2 have similar optical constants, and (ii) the exact nature of the
optical constants becomes less and less important as a layer becomes extremely thin.16
12. In the “Model:” field, right click on the thickness of the SiO2_JAW layer, such that “(fit)”
appears next to it (see Figure A10.17). Then, make sure to turn off the “Fit Optical
Constants” in Au_B-Spline layer. If this is not done, the software will fit both the thickness
of the SAM and the optical constants of the substrate. Finally, press the “Fit” button in the
“Fit:” field, which will adjust the thickness of the SAM (SiO2 layer) in the model to obtain
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the best fit to the data. As shown in Figure A10.18, we obtained a reasonable thickness
(2.14 ± 0.009 nm) for the SAM with a low MSE (2.581) for the fit.

A10.5. Figures

Figure A10.1. A schematic diagram showing a phase shift of the reflected light from the bare gold
sample to organic thin film on gold sample.

Figure A10.2. . Psi (Ψ) experimental values for the Au on silicon and thiol on gold monolayer
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Figure A10.3. . Delta (Δ) experimental values for the Au on silicon and thiol on gold monolayer

Figure A10.4. Psi (Ψ) experimental values for the bare gold and organic thin films (1, 2, 4, 8 nm)
on it.
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Figure A10.5. Delta (Δ) experimental values for the bare gold and organic thin films (1, 2, 4, 8
nm) on it.

Figure A10.6. CompleteEASE©

interface showing “Data” menu to use “<Psuedo>

Transform…” option.
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Figure A10.7. <Psuedo> optical constants for the “Au on Silicon”

Figure A10.8. CompleteEASE© interface to open blank model.
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Figure A10.9. CompleteEASE© interface to open “B-Spline” layer file

Figure A10.10. Expanded “B-Spline” layer with 0.1 eV resolution and Au Starting Mat.
337

Figure A10.11. Optical constants of Au Starting Mat from Palik’s handbook.

Figure A10.12. Model generated from Palik’s Au values and compared with Au on silicon wafer
experimental data.
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Figure A10.13. Model fit to Au on silicon wafer experimental data by using the B-Spline layer
(MSE = 0.426)

Figure A10.14. Optical constants of the B-Spline layer after fitting the Au on silicon wafer data.
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Figure A10.15. A SE interface to add/delete layer

Figure A10.16. Loading a “SiO2_JAW” layer to model the thickness of thiol monolayers.
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Figure A10.17. Model layers for measurement of Thiol monolayers thickness.

Figure A10.18. CompleteEASE interface showing fit of Thiol monolayers experimental data.
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Appendix 11: Using Spectroscopic Ellipsometry to Quickly Determine Whether a Substrate
is Coated or Bare

A11.1 Statement of Attribution
This document was originally published as Patel, D. I.; Hilfiker, J. N.; Linford, M. R.
“Using Spectroscopic Ellipsometry to Quickly Determine Whether a Substrate is Coated or Bare”
Vacuum Coating & Technology July 2021, 29-32. Some information fields are modified to
improve its readability in this format. We refer readers to the original document for complete
sample, instrument information, and spectral features.

A11.2 Introduction
Surfaces that are either bare or coated with thin films are ubiquitous in modern technology.
Indeed, this area is so important that this entire trade magazine: Vacuum Technology & Coating,
VT&C, is devoted to the topic. Thin films may be deposited in a variety of ways, including by
atomic layer deposition (ALD), sputtering, thermal evaporation, electron-beam evaporation,
chemical vapor deposition (CVD), or pulsed-laser deposition. These methods allow a very wide
variety of thin films of many different types and thicknesses to be prepared on many different
substrates. In most cases, after using one of these deposition techniques, one will know quite well
what is on one’s surface. However, this will not always be the case. Many deposition systems do
not have in situ tools for monitoring/confirming thin film deposition, and not every deposition
works. In this article, we discuss a quick, straightforward method using spectroscopic ellipsometry,
SE, for determining whether a substrate is covered with a thin film or not. This method does not
require any actual data analysis to be performed.
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Modern SE is widely used to probe the optical properties of surfaces using a range of
wavelengths.1-4 Often this wavelength range is quite wide – it is not uncommon for SEs to probe
surfaces from the UV through the near IR, e.g., from ca. 190 – 1700 nm. SE may also analyze
materials with a broad spectrum of infrared light. In contrast, earlier ellipsometers were often
single wavelength devices in which the light source was a laser. The red helium-neon (He-Ne)
laser with a wavelength of 633 nm was widely used for this purpose. The easiest problem to solve
by SE (or by single-wavelength ellipsometry) is the analysis of a perfect, bare substrate. In this
case, the two parameters determined by an ellipsometer at each wavelength (Ψ and ∆) can be

directly converted by a mathematical formula into the optical constants of the material (n and k,
or, equivalently, 𝜀𝜀1 and 𝜀𝜀2 ). Obviously, this makes the analysis of bare substrates quite simple.

However, completely bare/perfectly formed substrates are rare. Almost every ‘bare’ substrate has

an oxide layer, adventitious carbon, roughness, a reconstruction, and/or other imperfections on it.
Thus, the optical constants that are obtained using this direct mathematical formula/inversion will
probably not be the true optical constants of a material. For this reason, they are referred to as the
‘pseudo optical constants’ of a material and are designated with triangular brackets, i.e., <n> and
<k>, or <𝜀𝜀1 > and <𝜀𝜀2 >.
In an ideal world, a straightforward mathematical formula would exist to take Ψ and ∆

from any surface of arbitrary complexity, i.e, with an arbitrary number and type of thin films on it
and convert this data into the optical constants and thicknesses of the corresponding substrate and
any films on it. However, no such formula exists, and the lack of such a formula is referred to as
the ‘inverse problem’ in SE. Accordingly, SE requires modeling. That is, in SE, one creates a
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model of the substrate and thin film(s) under analysis and uses the laws of optics, e.g., Fresnel’s
equations, Maxwell’s equations, Snell’s law, etc., to predict Ψ (psi) and ∆ (delta) values that are
compared to the experimental values (in practice, the instrument software does all this for you). In
this process, various parameters in the model are adjusted to obtain the best possible agreement
between the experimentally and theoretically determined Ψ and ∆ values.
A11.3 Discussion
In this article, we describe something simpler than the regression process just mentioned. We
discuss a straightforward method for using SE data to test whether a surface has a film (or films)
on it. This method consists of:

i)

Measuring a surface by SE at two different angles, which yields a set of Ψ and ∆ values

at each angle,
ii)

Obtaining the pseudo optical constants for the data at each angle through the simple
mathematical inversion mentioned above, and

iii)

Comparing the pseudo optical constants for the surface obtained at the two angles.

iv)

We also note that Ψ and ∆ themselves can be evaluated. We conclude that a substrate

has a film on it when the values for Ψ and/or ∆ fall outside of the range that they can
have for a bare substrate.

The theory for Steps i) – iii) here is quite simple. The optical constants of a material cannot
depend on the angle at which the surface is analyzed. That is, a perfect surface with nothing on it
should yield the same optical constants when it is probed/measured at different angles. However,
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it should also be mentioned that essentially the same optical constants will be obtained at two
different angles from surfaces that have very thin films on them. Depending on the optical
constants of the substrate and film, it may require 10-20 nm of film thickness before an appreciable
separation in pseudo optical constants is noticed, where this can be well before a visible film
appears to the naked eye. The results from this test are simple to interpret. If the pseudo optical
constants obtained at the two different angles overlap, one is dealing with either a bare substrate
or a substrate with a very thin film on it. In contrast, if the pseudo optical constants obtained at the
two angles are different, a film is present on the surface. Notice, again, that these results are telling
us something about SE in general – for very thin films, taking data at more than one angle of
incidence does not substantially increase the amount of information available for
modeling/understanding the material. Of course, SE can and does provide much more detailed
information about a material than whether one is dealing with a substrate with a thin film on it.
Nevertheless, the test described here can be useful, especially when one has an unknown or
questionable surface that one wishes to test quickly. Finally, we mention the case of dealing with
a thick, absorbing film. If this film is thick enough that incident light cannot pass through it, be
reflected at the bottom of the film, and make it back to the surface, it will appear as a substrate.
For example, we might be dealing here with an optically thick metal film. Obviously, in this case,
our test does not prove that we have a substrate without any layers on it.
Figures A11.1 – A11.7 in this article illustrate the procedure/test outlined in Steps i) – iii) here.
They show simulations of the pseudo optical constants of silicon with increasingly thick layers of
silicon dioxide on it (1, 10, 20, 30, 40, 50, and 100 nm) obtained at 65° and 75°. We notice that
the pseudo optical constants obtained at the two angles overlap for films that are 10 nm thick or
less. At 20 nm, we begin to see a small divergence between the curves. At 30 nm, the difference
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between pseudo optical constants becomes obvious, and these differences increase with increasing
SiO2 film thickness. Thus, for this scenario, overlapping pseudo optical constants obtained at
different angles suggest we have either a bare substrate, or one with a very thin film (or films) on
it (10 – 20 nm or less). Pseudo optical constants that do not overlap indicate that we are dealing
with a substrate with one or more moderately thick film (> 20 nm) on it. Of course, films with
higher indices are more ‘optically thick’ so a thinner film of higher index will cause the same
divergence of the pseudo optical constants as a thicker film with a lower index.
Now, as they say in late night television commercials: “But wait, there’s more.” As explained
by Tompkins,5 for substrates, the values of Ψ and ∆ must fall between 0° – 45° and 0° – 180°,

respectively. Thus, this information can also be used to identify when a substrate is covered with
a film: we look at the values of Ψ and ∆ and see when they fall out of their appropriate ranges. In
addition, these limits on Ψ and ∆ extend to the pseudo optical constants – producing <n> below 1

and <k> that goes negative. Examining the data below, we see that Ψ for the 20 nm film is just

starting to exceed 45° at shorter wavelengths, and that it is well above 45° at shorter wavelengths
for the thicker films. In addition, <k> goes negative, especially at shorter wavelengths, whenever
Ψ exceeds 45°.

Finally, even an extremely thin film that has a higher index than the substrate will cause the

values of Ψ and/or ∆ to be outside the limits for substrates. This phenomenon is shown for 1 nm
of TiO2 on glass (see Figure A11.8). While the pseudo optical constants do not separate much at

this small of thickness, the ∆ curves are below 0° which is not physically plausible for a bare
substrate. This is also reflected by <k> going negative, which again is not physically plausible –

absorption cannot be negative. Thus, the tests we are describing are extremely sensitive in this
situation where, again, the index of the film is higher than that of the substrate.
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A11.4 Figures

Figure A11.1. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 1 nm SiO2 layer on Si.
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Figure A11.2. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 10 nm SiO2 layer on Si.
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Figure A11.3. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 20 nm SiO2 layer on Si.
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Figure A11.4. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 30 nm SiO2 layer on Si.
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Figure A11.5. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 40 nm SiO2 layer on Si.
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Figure A11.6. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 50 nm SiO2 layer on Si.
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Figure A11.7. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for a 100 nm SiO2 layer on Si.
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Figure A11.8. Simulated values of Ψ and Δ (top) and pseudo optical constants (bottom) generated
at 65° and 75° for 1 nm TiO2 layer on a BK7 glass substrate.

357

A11.5 References
1.

Azzam, R. M. A.; Bashara, N. M., Ellipsometry and Polarized Light. North-Holland: 1987.

2.

Fujiwara, H., Spectroscopic Ellipsometry: Principles and Applications. Wiley: 2007.

3.

Tompkins, H.; Irene, E. A., Handbook of Ellipsometry. Elsevier Science: 2005.

4.

Tompkins, H. G.; Hilfiker, J. N., Spectroscopic Ellipsometry: Practical Application to Thin

Film Characterization. Momentum Press: 2016.
5.

Tompkins, H. G., Chapter 3 - Using Optical Parameters to Determining Materials

Properties. In A User's Guide to Ellipsometry, Tompkins, H. G., Ed. Academic Press: San Diego,
1993; pp 35-50.

358

Appendix 12: Fitting the Spectroscopic Ellipsometry Psi-Delta Data from a ca. 25 nm Film
of SiO2 on Si
A12.1 Statement of Attribution
This document was originally published as Patel, D. I.; Hilfiker, J. N.; Linford, M. R.
“Fitting the Spectroscopic Ellipsometry Psi-Delta Data from a ca. 25 nm Film of SiO2 on Si”
Vacuum Coating & Technology August 2021, 32-35. Some information fields are modified to
improve its readability in this format. We refer readers to the original document for complete
sample, instrument information, and spectral features.

A12.2 Introduction
Spectroscopic ellipsometry (SE) is a powerful and convenient technique for measuring film
thicknesses, film roughness values, and material optical constants.1-4 It can also determine/measure
band gaps in materials, anisotropy, and gradients. Both ex situ and in situ ellipsometers are widely
used to study and monitor the deposition of thin films. The most commonly solved problem in SE
is determining the thickness of a thin transparent film on a substrate, where this material is often
SiO2 on silicon. In this article, we consider the problem of fitting SE data obtained from a ca. 25
nm film of SiO2 on Si. In particular, we will discuss a series of models of increasing complexity,
sophistication, and appropriateness for this system. This VT&C article is related to three previous
articles we wrote on SA, which explained how to determine the thicknesses of thin oxide layers
on semiconductor substrates (we used the example of GaAs and GaAs oxide),5 the Cauchy model,6
and surface roughness.7
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A12.3 Discussion
Before modeling the data, we examine the psi (Ψ) and (∆) SE spectra obtained from the
ca. 25 nm thick film of SiO2 on Si (see Figure A12.1). We want to confirm that the data are
reasonable. We immediately notice a few things. First, our last VT&C article8 taught that for bare
substrates Ψ and ∆ must lie between 0 and 45° and 0 and 180°, respectively. Because Ψ is above
45° at shorter wavelengths in Figure A12.1, we can conclude we are not dealing with a bare
substrate – these spectra are consistent with a film being present on the substrate. Second, neither
spectrum contains a series of interference fringes, which it would have if we were dealing with a
thick film of SiO2. In this sense, the data are consistent with what we were told about it – 25 nm is
a rather thin film that will not produce a series of obvious interference fringes. Third, we notice
“bumps” in the data near 280 nm and 380 nm. These bumps are showing “through” the transparent
film and originate from the underlying silicon substrate. The silicon has features in its optical
spectra at these wavelengths that are created by the “critical points” in its band structure. In a way,
these “bumps” are like a fingerprint for the crystalline silicon. If we were working with a different
semiconductor substrate (GaAs, InP, etc.) these “fingerprint” bumps would occur at different
wavelengths.

Model/Approach 1. Two-layer model based on tabulated optical constants
We first consider what is probably the simplest possible model, which is to model the thin
film and substrate using tabulated optical constants that are provided in our instrument software:
SiO2_JAW and Si_JAW, respectively. The optical constants for crystalline silicon are very well
known – this is one of the few instances where we can confidently rely on tabulated optical
constants. Thus, in all three models considered in this article, the optical constants of Si will be
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modeled using the tabulated optical constants for the material. In most other cases, there will be
differences between the material used to generate the tabulated optical constants and the material
in question. That is, in general, the method by which a thin film is created or deposited affects the
final material, including its optical properties. Thus, tabulated optical constants can serve as a
useful starting point for determining the optical constants of a film or substrate, but will probably
lead to inaccurate or insufficient results if used to model the material. Based on what we were told
about the film, we make an initial guess of 25 nm for the film thickness and fit it with the instrument
software. We obtain a film thickness of 23.35 nm with a mean squared error (MSE) of 3.756. To
get a sense for how good this error is, we compare the generated and experimental Ψ and ∆ spectra

for this model (see Figure A12.2). There is quite good agreement here. As an aside, we note that

(i) the depolarization in this data set is very low – it is not something we need to worry about here,
and (ii) we do not necessarily believe that all of the digits are significant in the numbers we report
here – we are simply reporting the values obtained from our instrument software.

Model/Approach 2. Three-layer model based on tabulated optical constants (Model 1 + roughness
layer)
Model 1 worked reasonably well. However, we remember that most films have some
roughness, which means that most SE models require roughness. Accordingly, we consider a
roughness layer at the top of this model. Here we use a Bruggeman effective medium
approximation (BEMA) layer that uses the optical constants of the underlying material (SiO2) and
void in a 50:50 ratio. When this is done, we obtain a roughness layer of 0.93 nm, and the MSE for
the fit drops to 3.530. This is not a significant improvement in the fit (only a 6% reduction in
MSE), which prompts us to remove the roughness layer and return to our previous model.
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However, we have to be careful in how we think about this result. Roughness layers matter most
when modeling high index layers because a mixture of a higher index material and void still has a
reasonably high index. Thus, we will not be terribly sensitive to a very thin roughness layer on
SiO2, which already has a lower index. In summary here, we cannot conclude here that our film is
perfectly smooth – it probably has a small amount of roughness. Rather, as we noted, a very thin
roughness layer does not substantially improve/influence the fit, so it would be best to use Model
1 if we were going to stick with tabulated optical constants. While we will see that we can improve
this fit in the models below, we emphasize that Model 1 is not a terrible approach to the problem.
It would yield acceptable, meaningful results in many cases; it should allow reasonable,
quantitative comparisons to be made between silicon wafers of similar provenance with ca. 25 nm
of SiO2 on them. In addition, we can reasonably conclude here that the tabulated optical constants
for SiO2 used in Model 1 are a fairly reasonable approximation to the actual optical constants of
this film.

Model/Approach 3. Two-layer model based on tabulated optical constants for Si and a Cauchy
layer for the SiO2 with and without a roughness layer
To account for the fact that the optical constants of our SiO2 thin film are probably not
exactly the same as the tabulated ones, we use a Cauchy layer to model the SiO2. While a
theoretical basis has been found for the Cauchy layer, it is usually used as an empirical dispersion
model for fitting the optical constants of materials. The typical formula for the Cauchy equation
is:

𝐵𝐵

𝐶𝐶

(1) 𝑛𝑛(𝜆𝜆) = 𝐴𝐴 + 𝜆𝜆2 + 𝜆𝜆4
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Using the thickness obtained from the previous model as a starting point, we fit the A and B
parameters in the Cauchy model. The resulting MSE is 1.907, which is obviously lower than the
value we obtained in the previous model. Indeed, the drop in MSE found here suggests that we
have probably found better optical constants for our layer. We next consider the possibility that
this Cauchy model does not fully describe the dispersion in this material, so we fit the C parameter
in it. When we do so, the MSE of the fit remains essentially constant, so we turn off the C parameter
and set it back to zero. (Note that the C parameter was negative when we fit it. It is OK to have a
negative B or C parameter in a Cauchy expression as long as the equation describes normal
dispersion in a material, i.e., the index needs to increase with decreasing 𝜆𝜆.) We next add a

roughness layer to the model. When we do, the software determines that there is a 2.51 nm
roughness layer on this surface, where the MSE of this model has now dropped to 1.295. This
seems like a little more roughness than we would expect for our sample. We also remember at this
point that surface roughness can be corelated with film thickness. To test for fit parameter
correlation here, we generate a uniqueness plot, which in this case will be a plot of the error of the
fit vs. the thickness of the SiO2 roughness layer. The resulting uniqueness plot seems quite
reasonable (see Figure A12.3). Thus, we can quite successfully model this material using the
tabulated optical constants of Si fir the substrate, a Cauchy layer for the silicon dioxide film, and
a BEMA roughness layer.

Model/Approach 4. Adding an Interface Layer to Model/Approach 3
Herzinger and coworkers showed that a ca. 1 nm interface is present between a thermal
oxide layer and the silicon substrate it is on.9 As would be expected, the optical constants of this
layer are intermediate between those of silicon and silicon oxide. Our next model simply consists
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of a silicon substrate, an interface layer with a fixed thickness of 1 nm, and a thermal oxide layer,
which we again model as a Cauchy layer. Once again, only the A and B parameters of the Cauchy
model are necessary to obtain a good fit to the data – the MSE did not change substantially when
the C parameter was ‘turned on’, so it was reset to zero. The results from this model are tfilm =
22.24 nm, A = 1.444, B = 0.00439, and MSE = 1.202. This is our preferred model. Not only does
it have the lowest MSE of the three models considered here, but we believe it best reflects the
actual structure of the material. Figure A12.4 shows a uniqueness plot for model 3. The rising
error on both sides of the minimum suggest we do not have fit parameter correlation here. Finally,
a roughness layer was considered for this model. However, it only resulted in a small reduction in
the MSE value, so it was removed. Perhaps, the roughness layers we found above were trying to
compensate for the interface layer that is used in this model.
A12.4. Conclusion
Thus, our final model for the ca. 25 nm of SiO2 on silicon we have been considering is a
silicon substrate modeled by the tabulated optical constants in the instrument software, a 1 nm
interface layer, and an oxide layer modeled with a Cauchy dispersion relationship. We believe that
this article shows that modeling even a simple material in SE requires some knowledge of the
technique.
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A12.5 Figures

Figure A12.1. Experimental SE Ψ and ∆ values for a ca. 25 nm layer of SiO2 on Si.

Figure A12.2. Experimental Ψ and ∆ values for a ca. 25 nm SiO2 film on Si wafer along with those
generated using the model at the top of this figure.
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Figure A12.3. Uniqueness plot of MSE vs. the thickness of roughness layer in the model (see
Text)

Figure A12.4. Uniqueness plot of MSE vs. the thickness of the SiO2 layer obtained after an
interface layer is used (see text).
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